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ABSTRACT
CONJUGATED POLYMERS IN THERMOELECTRIC COMPOSITES AND SMALL
MOLECULES FOR HIGH LIGHT ABSORPTIVITY
SEPTEMBER 2015
MURAT TONGA, B.S., BOGAZICI UNIVERSITY
M.S., BOGAZICI UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Paul M. Lahti

Over the past several decades with increasing of global energy demand, thermoelectric
materials have gained considerable attention due to their unique ability to directly convert heat to
electricity. In addition to inorganic semiconductors, polymers are potential candidates for highperformance thermoelectric applications due to their intrinsic advantages such as low thermal
conductivity, solution processability, and roll-to-roll production, lightweight, and flexible
thermoelectric modules.
This thesis provides an insight into the emerging field of organic thermoelectrics, more
specifically, thermoelectric power generation based on the composites of conducting polymers
(MEH-PPV, P3HT and PEDOT:PSS) and carbon nanotubes (SWNT, SWNT-COOH, SWNT-OH
and MWNT). A substantial portion of my work at the graduate level has involved the composite
materials of conductive polymers and carbon nanotubes (CNTs) for use in organic
thermoelectrics (TE). This work comprised multiple iterations to test effects of chain length
(molecular weight) and regioregularity, amount and type of CNT added, sample fabrication
vi

solvent, and doping duration led to substantial optimization of the TE power factors. A power
factor of 148 μW m-1 K-2 was obtained in the optimized sample preparation with rr-P3HTRieke/50%SWnNT which is quite competitive with the PFs mentioned in section 2.3. Besides
polymers, I also investigated TE properties of cross-linked network structures established from
UV curable small molecules with CNTs. A variety of distinct morphological architectures -consistent with differences in TE performances -- have been observed.
I described the synthesis of new pyridinium and extended viologen molecules capturing
light in the visible portion of the solar spectrum with high molar extinction coefficient (~22,000
to 278,000 M-1 cm-1) by means of intramolecular charge transfer (ICT), using electron-donor and
electron-accepter groups linked through π-conjugation. Also, these compounds exhibited
solvatochromic properties in absorption and emission spectra with respect to the ICT band.
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CHAPTER 1
GENERAL BACKGROUND FOR THERMOELECTRICS
Energy is vital for modern industrial applications and daily life. Currently about 90% of
the world’s energy is produced from fossil fuels that are not renewable at rates that are
sustainable in modern civilization. Due to future depletion of fossil fuel resources and
environmental concerns associated with fossil fuel combustion, the search for cleaner and more
sustainable energy sources has gained significant attention as one of the major goals of this
century.
For just one important form of energy use, the efficiency of typical engines is about 3040%: the rest of the input energy is wasted in the form of heat.1 Waste heat is generated as a
byproduct of motive engines (e.g., autos, trains, and turbines), all engine or industrial processes,
computer electronics, or even biological processes (e.g., work done by human bodies). Thus,
there is a huge potential to finding cost-effective and viable technologies for harvesting electricity
from waste heat. This could save significant amounts of money through increased efficiencies,
and it would also conserve fossil fuels for the same amounts of electrical generation.2
Thermoelectric (TE) materials are one possible solution that could address the issue of harvesting
waste heat. TE-based devices offer many advantages, including: (1) not needing mechanical
moving parts or bulk fluid incorporations, which makes them silent and easier to maintain over
longer device lifetimes; (2) simplicity of design for small sizes, and light weights, which makes
them suitable for integration into small devices; (3) a lack of toxic residue production during
operation; (4) applicability in places where other energy conversion technologies are not viable,
such as in outer space or underground where photovoltaics and waste-gas producing technology
cannot be deployed.3,4 Thermoelectric conversion has been used in radioisotope thermal
generators for deep-space satellites, and in remote power generation for unmanned systems due to
their moderate energy conversion efficiency despite relatively high cost. Other applications such
1

as vehicle exhaust waste heat recovery and autonomous sensors on the body are actively being
studied.5 Therefore, research on thermoelectricity has attracted great interest from both scientific
and industrial societies. But, as will be described below, important challenges remain to enable
more widespread use of TE technology. These challenges are a major incentive for the research
directions pursued in this portion of my dissertation work.

1.1 Applications of the Thermoelectric Effect
Thermoelectric generators can be used over a wide range of low and high temperatures,
which makes them useful in many different settings. Most waste heat is considered low-grade at
temperatures of 40-200 C, which presently is economically impossible to recover at a high
efficiency; consequently, the heat is typically released to the environment. Thermoelectric
harvesting of such waste heat has seen limited commercial use in niche applications, with
growing use due to interest in waste-heat recovery and increasing global energy demands.
Industrial waste heat harvesting and automotive exhaust trains are potential areas where
thermoelectric modules could be used for large scale application. But, major areas remain for
increased TE use. For example, large amounts of waste heat produced by industrial furnaces and
incinerators could be utilized for power generation. Similarly, power generation by automobile
exhaust6 has been studied by researchers and major automotive companies.7
It is estimated that in a vehicle using present designs of internal combustion engines, only
30% of provided energy is used to move the vehicle, with 70% of produced energy being just
wasted: 30% of the total is used for cooling the engine, and 40% is wasted as heat which could be
used for a thermoelectric power generator.8 Also, TE generators could use waste heat to recharge
an automobile battery, such that the need for an alternator could be decreased or even eliminated,
thereby reducing the complexity and mechanical load on an auto engine. If this could be done,
fuel efficiency could be improved by the order of 10%.9 Also, decreased CO2 emissions released
2

to the atmosphere would provide a more earth-sustainable energy economy with better harvesting
of power from wasted heat.
The first thermoelectric powered spacecraft used by NASA, the Transit 4A, had a
radioisotope thermoelectric generator (RTG) containing both n- and p-type alloys of PbTe.10 In
these RTG modules, a temperature gradient is produced between a decaying radioactive material
as a heat source and a flowing liquid metal as a heat sink. RTGs have thereby played a key role in
remote places where a power source is necessary but solar panels or stationary engine power is
not practical. RTGs are also used to generate the power in deep space where solar energy is not
adequate for photovoltaic harvesting. As a result, RTGs have been used by NASA since the
1960’s as power sources for deep space probes and on the Apollo missions to the moon.11
The human body’s heat provides sufficient potential thermal energy to power small TE
generators for low power-consuming electronic devices,12 such as the Seiko Thermic® watch that
uses the temperature gradient between the human body (37 C) and the ambient temperature (20
C, nominally). But, this watch does have limitations. The thermoelectric module cannot charge
the battery if the temperature difference is too small, for example, and so will not produce any
electricity at a 37 C or higher ambient temperature. Still, this commercial example shows the
promise for extrapolated use, such as the recent use of a thermoelectric module to power a
cooling fan by recovering waste heat from a microprocessor.13

1.2 Basic Principles of Thermoelectrics
The thermoelectric effect is the direct conversion of thermal energy into electric energy
through the Seebeck effect, discovered by the Estonian-German physicist, Thomas Johann
Seebeck, in 1821.14 Seebeck found that a compass needle is deflected when a closed loop
consisting of two dissimilar metals is maintained with a temperature difference between the
3

junctions. The deflection is due to a potential (voltage = V) created by current flow through the
closed circuit (Scheme 1.1).15 Seebeck observed that the magnitude of the voltage produced was
proportional to the temperature difference and depended upon the type of material, but was not
influenced by the temperature distribution along the conductor materials.

Scheme 1.1. Basic working principle thermoelectricity.

The Seebeck effect can be understood as follows. Under an applied temperature gradient
to a material, charge carriers (electrons or holes) diffuse from the hot to cold regions due to a
lower density of hot carriers at the cold end. The diffusion builds up a net charge at the cold end,
leading to an electrostatic potential offsetting the chemical potential of the diffusion. When the
material is connected across an external load, current flow and power output results. The ratio of
thermoelectric voltage developed relative to the temperature difference in the material is called
the Seebeck coefficient.16 The Seebeck coefficient (S) of a material can be either negative or
positive, depending on the dominant type of charge carriers. For a n-type material, S < 0 by
standard definition; for a p-type material, S > 0. In effect, S is a measurement of the potential
(voltage) induced by creating a temperature difference across a material.
The efficiency of thermoelectric materials is expressed by the dimensionless figure of
merit, ZT, which is defined in terms of the Seebeck coefficient S, the electrical conductivity σ, the
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thermal conductivity κ and the absolute temperature T. The relationships are given by Equation
1.1).

σ S2 T
ZT =

(1.1)

κ

The Seebeck coefficient typically expressed is in microvolts per Kelvin (µV K-1), the
electrical conductivity in siemens per centimeter (S cm-1) and the thermal conductivity in watts
per Kelvin per meter (W K-1 m-1). The numerator in Equation 1.1 includes the power factor (PF =
S2σ), which is a measure of the electrical behavior of the device.

1.2.1 Seebeck Coefficient (S)
The Seebeck coefficient is based upon the proportions of conducting charge carriers in
energy bands other than from the Fermi level (EF).10,17 A desirable TE material should show an
absolute value of S in the range of hundreds of µV K-1. In fundamental terms, the Seebeck
coefficient can be described by Equation 1.2.

S=

ΔW

Δn

=

kB
e

(ln(Nc/n) + A)

(1.2)

where ΔW is the entropy difference across high and low temperature surfaces; Δn is the charge
flow through a given area; kB is the Boltzmann constant; e is electron charge; Nc is the effective
density of states of the material; n is the charge carrier concentration; and A is the carriers’
kinetic energy normalized to kBT. As shown in equation 1.2, the Seebeck coefficient is mainly
controlled by charge carrier concentrations (n). Practically, most metals turn out to have Seebeck
coefficients of 10 μV K-1 or less, but various semiconductors have promising S > 100 μV K-1.18
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1.2.2 Electrical Conductivity (σ)
Electrical conductivity measures a material’s ability to conduct an electric current. It
depends on the electronic properties of a material, and can be expressed by Equation 1.3:
σ = neµ

(1.3)

where n is the concentration of charge carriers, µ is the mobility of charge carriers, and e is the
charge of unit carrier. The carrier concentration (n) is the concentration of electrons in the
electronic valence band or of holes in the electronic conducting band of a material. The mobility
(µ) gives how easily the carriers move across the material, and is closely linked to how strongly
electrons are held to local lattice sites in the material. In metals, electrons are not closely held to
lattice sites, while in semiconductors they are less mobile (and in insulators they are essentially
immobile).
Doping can significantly improve electrical conductivity by increasing the density of
charge carriers in an electronic lattice. But, the mobility of charge carriers in doped systems is
often reduced due to the enhanced linkage between dopants and charge carriers. Practically, the
density of charge carriers is best if kept in a range of 1019-1021 cm-3.16 Some specific examples of
improving TE behavior by doping are described in Section 1.5.1 below.
1.2.3 Thermal Conductivity (κ)
Thermal conductivity quantifies how well a material conducts heat where κ = κe + κl with
κe being the contribution from electrons and holes and κl the contribution from phonons in the
material lattice. The thermal conductivity is also defined by κ = Cpρα (W m-1 K-1) where Cp is the
material’s specific heat capacity (J kg-1 K-1), ρ is its density (kg m-3) and α is its thermal
diffusivity (m2 s-1).10
The phonon lattice contribution can be expressed as in Equation 1.4:
6

κl = cυl

(1.4)

where c is the heat capacity per unit volume (J K-1 m-3), υ is the velocity of sound in the lattice (m
s-1), and l is the phonon mean free path (m).17 For organic polymers, κl is low, in the range of 0.11.0 W m-1 K-1, and is independent of any doping levels. The κl can be decreased by nanostructure
formation, grain boundaries and point defects that cause phonon scattering in the lattice.
The electronic contribution κe of thermal conductivity is directly related to the electrical
conductivity following the Wiedemann-Franz law, described as in Equation 1.5:
κe =LσT

(1.5)

where L is the Lorentz number value of 2.4×10-8 J2 K-2 C-2 for free electrons, σ is the electrical
conductivity, and T is the temperature. This equation requires that κe increase proportionally with
electrical conductivity, but organic semiconductors do not typically obey the Wiedemann-Franz
law due to their strong charge-lattice coupling. For organic semiconductors, κe can be estimated to
be ca. 10-10 W m-1 K-1, which is totally negligible, compared to κl. Thus, the thermal conductivity
in organic TE materials is typically independent of the doping level and is dominated by phonon
behavior, not electronic properties.19
According to the equations above, to maximize the thermoelectric figure of merit (ZT) of
a material, a large Seebeck coefficient, high electrical conductivity, and low thermal conductivity
are needed simultaneously. However, it is very challenging to optimize all simultaneously due to
the typically strong interdependence (all functions of carrier concentration) of these three
parameters in bulk materials. Addition of more charge carriers by doping leads to increased σ
usually accompanied by a decreased S and a decreased κ.16 The trade-off between electrical
conductivity and the Seebeck coefficient can be easily explained by changes in the position of the
7

Fermi level, EF. Usually, highly conductive materials have the conductivity due to having charge
carrier bands at energies close to EF. Increased carrier concentration at high doping levels tends to
push EF higher, into the conduction band. This consequently makes the number of electronic
states above and below the Fermi energy becomes more equal, reducing the Seebeck coefficient.20
The compelling balance between large Seebeck coefficient and high electrical conductivity in TE
materials is necessary to maximize the figure of merit ZT.
Table 1.1 shows the general variation of the three coefficients that determines ZT in
insulators, semiconductors, and metals.21 Insulators have high S and low κ, but very poor
electrical conductivity, giving rise to lower overall ZT. Metals, on the other hand, have a very
high σ because of their large amount of charge carriers, but they also have high κ and low S,
therefore are poor candidates for TE applications. However, semiconductors can show higher
Seebeck coefficient and electrical conductivity with lower thermal conductivity simultaneously,
by varying the doping concentration. Thus, semiconductors appear to have a promising potential
as TE materials.

Table 1.1. General variation of the three coefficients that determine ZT in insulators,
semiconductors, and metals.

1.3 Organic Thermoelectrics
Since the mid-1990’s, a growing tendency for TE development has begun with
theoretical predictions of improved TE efficiency through nanostructuring,22 either to increase
electrical conductivity or to decrease thermal conductivity.10,23-24 Most current research has
8

focused on inorganic TE materials, including semiconductors such as Bi 2Te3, PbTe, BiSb, CoSb3,
SiGe, and MgSi, and conductor oxides like NaCo2O4 and CaMnO3.25-27
A common property of these materials is their complex structure. Therefore, they can be
produced only in research laboratory quantities with difficulties for large-scale preparation,
including high fabrication costs and poor structural stability. Also, the elements used in these
materials can be problematic due to their toxic natures and scarce earth abundance, leading to
uneconomical production, even though they can work efficiently in high temperature (600 K or
higher) operations such as steel furnaces and aluminum melting used in industrial processes. Such
inorganic materials tend to be heavy and brittle, which limits their utilization in many settings.
Still, the semiconductor Bi2Te3 has been commercialized in Peltier coolers, and is the best TE
material known, with a ZT of ~1.1 at room temperature.28
Due to the aforementioned problems with traditional inorganic TE materials, organic
candidates have attracted much attention since about 2005. Particularly, two features of organic
materials have been exploited in TE studies. First, organic materials have an intrinsically low
thermal conductivity, which is typically below 1 W m-1 K-1.29 This is lower by 1-3 orders of
magnitude than those of inorganics, depending upon chemical composition. Second, electronic
behaviors of organic materials are tunable through molecular chemistry and doping methods.30
31

Organic or polymer materials are potentially abundant and low-cost because of the natural

abundance of carbon resources. Moreover, they are lightweight and solution processible, flexible,
and adaptable to roll-to-roll production. Therefore, organic materials have much potential in TE
applications. While ZT in inorganic materials has only been improved by a factor of 3-4 in the
last two decades via nanostructuring, organic materials have seen significant progress in the ZT.
At about 2005, the ZT of organic polymers were of the order of 10-4, the best value recently
shown is around 0.42.
9

1.3.1 Structure Variability Effects on Thermoelectric Behavior
Since the realization of high electrical conductivity in π -conjugated polymers in the late
1970s, this class of organic electronic materials has attracted significant attention due to the
feasibility of tuning their mechanical, electrical, and optical properties through chemical
modifications. The TE properties of a number of conjugated polymers including polyacetylene
(PA),

polypyrrole

ethylenedioxythiophene)

(PPy),
(PEDOT),

poly(3-hexylthiophene-2,5-diyl)
polyphenylenevinylene

(PPV),

(P3HT),

poly(3,4-

poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), poly(carbazolenevinylene), polyaniline
(PANI) have been investigated. Table 1.2 shows TE characteristics of these polymers. The value
of σ and S demonstrated a very wide range: from 10-5-6x104 S cm-1 and 10-103 μV K-1,
respectively.32,33

Table 1.2. TE characteristics of various conjugated polymers.
σ
S
PF
ZT
Ref.
(S cm-1) (µV K-1) (μW m−1 K−2)
PA:I2
11110
28.4
900
0.39
34
PEDOT:Tos
238
40
38
50
PEDOT: PSS (Clevios PH1000)
639
27.3
47.6
0.06
51
EtOPV-co-PV: I2
2.9
40.8
0.48
0.0002 43
PANI: CSA
260
14
5
35
PPy: Tos
170
11
2
0.003
36
P3HT: TFSI
90
50
22.5
47
Poly(carbazolenevinylene)
0.005
230
0.026
37
Polymer

1.3.2 Polymer Molecular Weight and Chain Length Effects
The molecular weights and chain length of organic polymers have a big impact on charge
carrier mobility, which consequently affects their electrical conductivity. An increase in chain
length/molecular weight results in the increase in mobility because of electron hopping along a
polymer backbone.38 A high molecular weight polymer can move the charge carriers longer
distances before hopping to another chain, and since longer chains provide carriers more hopping
10

capability between chains. Thus, an increased mobility can be obtained as a result of the decrease
in the hopping between chains. Scheme 1.2 shows schematically the nature of charge flow along
a chain and between chains. Specific examples of such behavior, that are particularly appropriate
for my work, are given later, below.

+

HOT

+
+

COLD

+
+

Scheme 1.2. Scheme for the charge flow in conjugated polymers.

1.3.3 Morphology Effects
Supramolecular organization aspects such as density and crystallinity of materials,
conformation and ordering of polymer chains, and overall phase heterogeneity have a great
impact on practical electronic behavior. Hence, morphology is a major factor that affects
thermoelectric properties of polymeric materials.
The so-called conductive polymers (semiconductor polymers) are often capable of selfassembling into different organized structures such as nanowires, nanorings, and nanosheets via
π-π interactions which are dictated by conformational changes in the polymer chains. Particularly,
one dimensional (1-D) stacking of conductive polymer chains is often favorable for giving a low
thermal conductivity due to interface-phonon scattering along the stacking direction. Outstanding
electrical conductivity can be achieved in highly oriented, conjugated polymer chains, but still
with large Seebeck coefficients due to the narrow and sharp density of states near the conduction
band.39
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1.4 Strategies for Improvement of Thermoelectric Performance
1.4.1 Doping
The so-called conductive organic polymers mostly show poor electrical conductivity (1012

S cm-1) in the neutral state for which they behave like insulators. But, their conductivities can

be increased by several orders of magnitude by treatment with electron-acceptor or electrondonor species known as dopants. In some cases conjugated polymers have been shown to be
capable of exhibiting outright metallic behavior, e.g., in p-doped polyacetylene that can be
processed to conductivity as high as ∼105 S cm-1, which is comparable to that of common
metals.40
In a polymer doping process, extra charge carriers are introduced into polymer chains
leading to the formation of polarons (ion/counterion site) or bipolarons (paired di-ion/counterion
site) that are responsible for charge transport along or between the chains.41 A typical organic
polymer doping process is illustrated structurally in Figure 1.1 for p-doping of P3HT, with
omission of the dopant/counterion structure for the sake of a simplified representation. The
backbone is oxidized by p-doping, while the dopant accepts an electron to form a counter-anion.
This generates a positively charged radical cation (polaron) at low doping concentration.
Depending on polymer chain structure and backbone coplanarity, the polaron can have limited or
extensive delocalization. While the polaron can move along the chain, extent of movement can be
limited because of Coulombic pairing with dopant counter-anion. Therefore, the travel of a
polaron along the backbone can be facilitated by the presence of more negative ions along the
backbone. This can be done by increasing the doping level. Due to the doped production of the
new charge carrier sites, the band gap (Eg) in conducting polymers is narrowed by the production
of new energy levels between the original conduction and valence bands.
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Figure 1.1. The doping process in polymer P3HT.

The basic principles of doping are illustrated in Scheme 1.3. The ionization potential (IP)
between the highest occupied molecular orbital (HOMO) and the vacuum level is a measure of
the energy to remove the least bound electron from the compound, polymer, or material. The
electron affinity (EA) from the lowest unoccupied molecular orbital (LUMO) to the vacuum level
is a measure of the energy change when an electron is added to an atom. A system with a low IP
is likely to donate electrons to a low-lying LUMO of an acceptor material and can therefore be
used as n-dopant to create electron carrier sites. By analogy, p-dopants typically have high EA,
and extract electrons from an appropriately high-lying HOMO level in a material, thereby
creating holes.42

Scheme 1.3. Basic principles of doping.

Since conjugated polymers are intrinsically semiconductors in their neutral form, doping
is required to maximize their power factor (σS2) for improving ZT. Although this process will
increase σ of polymers, the charge carriers generated through doping will also tend to decrease
the Seebeck coefficient, S. Similar to the case for inorganic semiconductors, where the amount of
13

doping in conducting polymers increases, the Fermi energy is pushed up into the conduction band
due to the increased number of charge carriers. As a result, the electronic states close to the Fermi
energy become delocalized, resulting in more metal-like conduction with a significantly reduced
S.
Some examples of common p-doping agents used with conjugated organic polymers are
iodine (I2), iron(III) chloride (FeCl3), molybdenum(V) chloride (MoCl5), lithium perchlorate
(LiClO4), p-toluenesulfonic acid, camphor sulfonic acid, poly(4-styrenesulfonic acid), and
sulfuric acid or SO3. N-doping tends to be carried out using alkali metals (lithium, sodium,
cesium), alkaline earth metals (Ca), low work function metals like aluminum, and sometimes
aromatic electron donor reagents like sodium naphthalenide.

1.4.2 Effects of Adding Carbon Nanotubes (CNTs) on Electronic Behavior of Organics
Since their first experimental discovery in 1991, carbon nanotubes (CNTs) have been
studied broadly in many fields due to their one dimensional (1-D) electrical band structure that
leads to unique electronic, thermal and mechanical properties.43 There are two general types of
CNTs: one having a single graphene sheet rolled into a cylinder to form single-walled nanotubes
(SWNTs), and the other being multi-walled nanotubes (MWNTs) with multiple concentric
cylinders having interlayer spacing between individual CNTs roughly equal to that of a graphite
sheet (0.34 nm). CNTs are close to being ideal 1-D conductors, with exceptionally high aspect
ratios (typically >1000 of length to diameter).44,45
CNTs are widely employed as one of the most effective “filler” additives to improve the
electrical conductivity of a polymer composite, due to the remarkably high CNT charge transport
capability over long distances without a serious disruption.46 Polymers alone are generally not
convenient materials for thermoelectrics due to their low electrical conductivity. However,
polymer composites can exhibit significantly enhanced electrical conductivity with the insertion
14

of electrically conductive fillers. In particular, the addition of CNTs can generate an
interconnected CNT network in a composite material, enhancing the electrical conductivity while
keeping nearly constant the Seebeck coefficient and the thermal conductivity relative to polymer
without filler.47
In a polymer/CNT composite, CNTs can form thermally disconnected, electrically
connected tube-tube junctions by van der Waals forces because of the presence of conductive
polymers at the junctions. Thermal transport at these junctions can be hindered due to the
mismatch of vibrational modes (phonon mismatching) between CNTs and polymer.48-50 So, in
summary, enhanced TE performance in polymer/CNT based composite materials can be achieved
by making use of the high σ of CNT and low κ of the polymer. This is an important strategy that I
utilized in my dissertation work.

1.5 A Brief Summary of Important, Recent Developments in Organic/Polymer Based
Thermoelectrics
Recent work has provided exciting advances in organic TE materials. Iodine doped
poly(2,5-dimethoxyphenylenevinylene) and its copolymers was studied exhibiting a PF of 7.1
µW m-1 K-2. A stretch-aligned copolymer, P(MeOPV-co-PV) in this work showed an increase in
the PF to 30 µW m-1 K-2.51 A similar stretch-aligned and iodine doped copolymer with longer side
chains enhanced the performance to a ZT of 0.0987.52 Copolymerization is a method to
synthesize copolymers with better thermoelectric performance than the corresponding
homopolymers. For instance, oligophenylenevinylene segmented block copolymers and blends
with MEH-PPV showed 1.33 µW m-1 K-2,53 polyselenophene and its copolymers with 3methylthiophene via electropolymerization 12 µW m-1 K-2,54 and a copolymer of 1,12bis(carbazolyl)dodecane and thieno[3,2-b]thiophene 0.32 µW m-1 K-2.55
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TE properties of P3HT films were studied by Zhu et al. Ferric salts of triflimide anions
were used as dopants, and the doped films showed PF of up to 26 µW m-1 K-2 at 300-340 K.56 In
another study, Müller et al. reported that power factors of 95 µW m-1 K-2 (ZT > 0.01) can be
obtained in the composite films of carbon nanotubes (42-81 wt%) and P3HT doped with a ferric
chloride at room temperature.57
Recently, PEDOT based polymers have shown the highest values in the polymer-based
thermoelectric materials. PEDOT:PSS shows an electric conductivity of 10-1 S cm-1 with no
additives. Addition of DMSO or EG (ethylene glycol) which is defined as secondary doping
improves the conductivity up to 200-900 S cm-1 depending on the PEDOT:PSS ratio. Secondary
doping has impacts on the polymer chain conformation and the polymer conformation affects
particularly the electrical conductivity. The Seebeck coefficient remains constant around 12-20
µV K-1. The only 5-10% of additive rises the figure of merit ZT from 10-4 to 10-2.58-60
The electrical conductivity can be increased compared to PEDOT:PSS by altering the
polymeric anion PSS with a small molecular anion tosylate. Crispin et al. showed that the ZT of
PEDOT films doped with a tosylate anion is 0.25 by controlling the oxidation level of polymer
film. The oxidation level was optimized by subjecting the film de-doping agent
tetrakis(dimethylamino)ethylene (TDAE). De-doping decreases the number of charge carriers on
the neutralized PEDOT:Tos backbone. Consequently, the electrical conductivity decreases and
the Seebeck coefficient increases with a maximum PF of 324 µW m-1 K-2 at 22% of oxidation
level.61
A recent work reported by Pipe et al. reported that spin-cast PEDOT:PSS film exhibited
the highest ZT of 0.42 to date for these materials.62 The insulating polymer PSS molecules were
selectively removed from the film by immersing in a 5% DMSO bath under otherwise inert
conditions. Thus, the electrical conductivity and Seebeck coefficient (from 20 µV K-1 to 60-70
16

µV K-1) increased simultaneously. The film thickness and the doping level (according to XPS)
decreased, and the thermal conductivity was also suppressed as a result of elimination of PSS.
PEDOT:Tos was synthesized by precisely controlling the oxidation level (e.g., reduced at
0.1 V), and a maximum power factor of 1270 µW m-1 K-2 was obtained.63 Polymer was
electrochemically prepared in the presence of poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (PEPG) triblock copolymer which improved the crystallinity
(according to TEM). The electrical conductivity increased as the Seebeck coefficient decreased
upon applied potential from 0 to 1.1 V. The best PF of 1270 µW m-1 K-2 was obtained at the
reduced potential of 0.1 V.
Highly conductive PEDOTs were electrochemically polymerized with different counter
ions such as ClO4-, PF6- and bis(trifluoromethylsulfonyl) imide (BTFMSI) on gold.64 The
different stretching performance of the polymer chains with the change of the counter-ion caused
the variable electrical conductivity while the Seebeck coefficient remained constant. The best ZT
= 0.22 at room temperature was observed in PEDOT:BTFMSI with a PF of 147 µW m-1 K-2.
The effect of secondary doping is also clear in the case of PANI. The solvent m-cresol
can act as dopant by increasing the electrical conductivity from 10-1 to 102 S cm-1 for
camphorsulfonic acid (CSA) doped PANI chloroform solution.65 The polymer chains of PANI
demonstrated a compacted coil conformation due to strong van der Waals interactions. The
interactions between the carbonyl group of CSA and the hydroxyl group of m-cresol lead to the
electrostatic repulsion more prevalent than the van der Waals interactions, thereby altering the
conformation from compacted to expanded coil. Thus, the thermoelectric properties of PANI
were improved as a function of m-cresol content.

17

All in all, we have witnessed remarkable progresses in organic TE materials. Enormous
work has been performed to improve TE performance with several strategies as mentioned above.
The recent findings guided a number of strategies that I used my work, which is described in
detail in the following chapter.
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CHAPTER 2
THERMOELECTRIC STUDIES OF MEH-PPV BLENDS WITH CARBON NANOTUBES
2.1 Introduction
Poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV, Figure 2.1),
composed of a PPV (para-phenylene vinylene) backbone with flexible solubilizing side chains,
has been considered as a model conjugated polymer for various optoelectronic applications, such
as sensors, organic solar cells and organic light emitting diodes (OLED). The asymmetric alkoxy
side chains enable MEH-PPV to be soluble in common organic solvents, allowing the use of
processing methods such as spin and drop casting. MEH-PPV has been much tested because of its
desirable environmental stability and p-dopable conductivity properties.1 However, these
properties strongly depend on the polymer molecular weight, and the conditions used for device
fabrication, including fabrication solvents, the solution concentrations and film preparation
processes.
O

MeO

Figure 2.1. Chemical structure of polymer MEH-PPV.
This chapter described results that I obtained in testing the TE properties of blends of
MEH-PPV with either single-wall or multi-wall carbon nanotubes (SWNT and MWNT,
respectively), which were p-doped with molecular iodine (I2) vapor. The general process is
summarized in Scheme 2.1, and described in more detail in the Experimental section. MEH-PPV
becomes an effective hole transporting material when p-doped to produce radical cation sites,
while both SWNT and MWNT can provide excellent electrical conducting pathways, if present in
sufficient quantities to create networks in a composite blend. The intent in testing these blends
was to increase the specific electrical conductivity of the MEH-PPV composite blends by creating
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networks of carbon nanotube (NT) additives, while still retaining MEH-PPV level Seebeck
coefficients as much as possible, resulting in overall increases in TE behavior relative to doped
MEH-PPV alone. My results described below show that this strategy works, but is sensitive to
factors beyond just the blend composition or type of NTs, including the solvent used for sample
preparation, p-doping times, use of lower versus higher average molecular weight MEH-PPV,
and use of multi-wall instead of single-wall carbon NTs.

Phase Separation
Current
Flow

Aromatic/
Non-aromatic
Solvent

Drop
Casting

Sonication
CNTs

Dispersed CNTs via MEH-PPV

Composite Film

Scheme 2.1. Schematic of experimental procedure for the preparation of polymer:nanotube
composite films.

2.2 Results and Discussion
2.2.1 Basic Nomenclature and Procedures.
The following discussion of results used abbreviations to denote different variations of
specific materials. The abbreviations are summarized in Table 2.1.

Table 2.1. The abbreviations and product description of specific materials used in this
chapter.
Source

Product
Molecular Weight Diameter
No
(KDalton)
(nm)
MEH-PPV-70k
Sigma Aldrich
541435
70-100
MEH-PPV-150k Sigma Aldrich
536512
150-250
SWwNT
Sigma Aldrich
519308
1.2-1.5
SWnNT
Sigma Aldrich
724777
0.7-1.4
MWNT
Sigma Aldrich 323-43381
3-20
MWNT
Wako Chemical 308068566
6-13
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Full details for sample fabrication and TE measurement methods are given in the
Experimental section. For realistic comparisons to TE results expected for actual applied use, all
samples were free-standing films of sufficient size to manipulate readily by hand. For the same
reason, TE performance measurements were carried out using a “scale-appropriate” apparatus
custom built by Karasz group member Dr. Patrick Taylor, a description of which is given in the
appendices. Sample dimensions up to 2.5 cm length, with TE temperature gradients of 0.1-10
degrees Celsius, were used for performance analyses, appropriate to the real-world scale in which
the TE materials are expected to perform. As a general guideline, samples giving electrical
resistance higher than a mega-ohm gave irreproducible TE results, and were discounted. Finally,
because we lacked on-site facilities to determine thermal conductivities on samples, power factors
(PFs) will in most cases be given in this dissertation. In various places with high PFs, the figure
of merit ZT will also be given as an estimate at 300 K with an assumed  = 0.1. This is a
conservative estimate, based on available results for organic polymers. Wherever this is done, the
assumption will be explicitly reported.

2.2.2 Effect of Fabrication Conditions on Thermoelectric Performance of Iodine-doped
MEH-PPV Samples
In optimizing conditions for maximum thermoelectric PFs in this study, the effects of
both fabrication solvent and iodine-doping time were examined, first by using MEHPPV-70k or
MEH-PPV-150k without added carbon nanotubes. A simply p-doping MEH-PPV film is well
known to create hole-transporting sites that greatly increase the electrical conductivity of the
polymer. But, my benchmark results for doped MEH-PPV itself showed that the maximum
conductivity, Seebeck coefficient and PF vary significantly for samples cast from different
fabrication solvents such as dichloromethane (DCM), chloroform (CHCl 3), carbontetrachloride
(CCl4), 1,2-dichloroethane (DCE), toluene, pyridine, chlorobenzene (CB), meta-xylene and 1,2dichlorobenzene (DCB) (Figure 2.2).
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Figure 2.2. Variation in iodine-doped conductivity and Seebeck coefficient for MEH-PPV70k (a,c) and MEH-PPV-150k (b,d) films cast from various solvents. Samples were doped
by exposure to iodine vapor for 2-4 h.
Apparently minor alterations in structure and conformation of conjugated polymers can
change their physical properties significantly, and affect the performance of devices fabricated
from these polymers.2,3 The details of polymer chain precipitation from solution are tremendously
important in device fabrication, since the solvated structure is typically reflected in the
precipitated morphology of polymer solid films. For example, the conformation of MEH-PPV
chains is strongly dependent on fabrication solvent and processing conditions.45678 Aromatic
solvents, such as DCB, preferentially solvate π-electron conjugated segments, giving relatively
co-planar and ribbon-like conformations that favor π-π stacking to maximize favorable solute28

solvent interactions. This allows the polymer chains to assemble into more ordered arrays with a
longer effective chain conjugation length and (consequently) better electrical conduction. On the
other hand, non-aromatic solvents, such as 1,2-DCE, preferentially solvate non-conjugated
segments of a polymer like MEH-PPV, and give more coiled conformations as the polymer
minimizes unfavorable interactions of its conjugated backbone with the solvent. The result of
fabrication from such solvents consequently tends to be lower electrical conductivity.9 So,
overall, MEH-PPV molecules have a more planar (more conjugated) conformation in aromatic
solvents and form a more twisted conformation in non-aromatic solvents such as THF and CHCl3.
These types of effects are presumably responsible for the variation in conductivity and Seebeck
behavior seen in Figure 2.2 for the doped MEH-PPV samples.
The iodine-doped electrical conductivities of high and low molecular weight MEH-PPV
films cast from various solvents were also tested as a function of doping exposure time (Figure
2.3). Up to a point, electrical conductivity increases as the doping level increases while the
Seebeck coefficient decreases. But, I found that extended doping times led to a maximum
electrical conductivity, after which conductivity actually decreased. For extended doping times,
the Seebeck coefficient tended to stabilize after its initial decrease. Based on these results, an
optimal compromise among best electrical conductivity and Seebeck coefficient was needed to
obtain the maximum power factor. For all solvents tested, I found that 2-4 h was sufficient to
maximize electrical conductivity for either MEH-PPV-70k or MEH-PPV-150k. After reaching
the time frame of maximum conductivity for doping the sample films, exposure to iodine vapor
was halted, and then Seebeck coefficients were measured immediately.
The MEH-PPV films showed significant effects on both specific electrical conductivity
and Seebeck behavior for samples fabricated from slow-evaporating solvents like DCB versus
fast-evaporating DCM. Iodine-doped films of low molecular weight MEH-PPV-70k prepared in
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low boiling point solvents (DCM, CHCl3) showed higher electrical conductivity than those are
prepared in high boiling point solvents (CB, DCB). However, Seebeck coefficients gave an
upward trend (from 63 to 121 μV K-1) with an increase in solvent boiling point. Interestingly, I2
doped films of MEH-PPV-150k exhibited opposite behavior compared to the films of MEH-PPV70k: samples prepared in low boiling point solvents showed lower conductivity and higher
Seebeck coefficients than those prepared in high boiling point solvents. The electrical
conductivity for MEH-PPV-150k reached 3.5 S cm-1, quite a bit higher than for MEH-PPV-70k,
due to the increase in effective conjugation length in high molecular weight polymer. Seebeck
coefficients for doped MEH-PPV-150k stayed in the range of 46-60 μV K-1 even with increased
boiling point of solvents. The TE power factors in Figure 2.2 showed no clear behavior trend with
variation in the boiling point of solvents.
Overall the main findings from the benchmark studies were that films prepared with
doped MEH-PPV-150k showed better TE performance than those of MEH-PPV-70k, and that a
few hours of iodine doping for either grade of polymer was sufficient to give the best PFs due to
optimized electrical conductivity while maintaining relatively stable Seebeck coefficients.

2.2.3 Optimizing MEH-PPV TE Composite Blends with SWNTs: Effect of Doping Exposure
Time
Although a few other solvents gave films that could be doped to higher conductivity for
one or the other molecular weight of MEH-PPV (without nanotube additives) under similar
conditions, DCE and DCB were much superior for making well-dispersed blend solutions of
either high or low molecular weight MEH-PPV with high loads of SWNTs, at concentrations
allowing the fabrication of free-standing films by ambient evaporation. Therefore, most of the
results described below used DCE and DCB for sample fabrication. The final composite films
were generally – though not universally – homogenously and opaque (black) to the naked eye due
to the nanotubes. In these solvents, film doping times up to 20 h were tested to give more time for
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dopant to perfuse the sample thoroughly. The MEH-PPV films increased in weight by 111-125%
after 3 h of iodine vapor exposure, but only somewhat more to 138-142% after 20 h of exposure.
More important, shorter (2.5-3 h) doping times gave better electrical conductivity, Seebeck
coefficients, and PFs (Table 2.2). The increase in charge carrier concentration due to p-doping in
conjugated polymers provides more holes in the valence band, but not much change in
conductivity was observed for lower molecular weight MEH-PPV-70k after the 2.5-3 h of
doping. For longer doping times, it may be that the distance between charged centers within the
highly doped conjugated polymer become shorter, and the charge carrier mobility becomes
limited as charged defects form in monomeric subunits. Therefore, the conductivity of the doped
conjugated polymer beyond an optimum doping level does not increase, because charge mobility
is restricted due to coulombic repulsion between p-carrier sites (an over-oxidation effect).

Table 2.2. Effect of iodine doping exposure time on MEH-PPV thermoelectric behavior.
Doping
σ
S
PF
Time (h) (S cm-1)
(μV K-1) (μW m-1 K-2)
DCE
3
0.30
72.9
0.16
Low mwt
DCE
20
0.14
45.4
0.03
Low mwt
DCB
2.5
0.14
120.7
0.20
Low mwt
DCB
20
0.06
38.3
0.01
Low mwt
DCE
2.5
1.21
58.1
0.41
High mwt
DCE
20
0.52
41.7
0.09
High mwt
DCB
3
1.47
65.6
0.63
High mwt
DCB
20
0.49
32.6
0.05
High mwt
Low mwt = MEH-PPV-70k, high mwt = MEH-PPV-150k.
Polymer

Solvent

The effect of doping exposure time was also investigated for the composite blends of
MEH-PPV with wider diameter (1.2-1.5 nm) nanotubes (SWwNT) (Figure 2.3). For blended
films of MEH-PPV-70k and increasing amounts of SWwNT cast from DCE and doped for 3 h,
electrical conductivity reaches  ~8.5 S cm-1 as the Seebeck coefficient trends somewhat
downward in the range of S = 18-27 μV K-1. Similar samples subjected to 20 h long doping times
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showed lower final conductivity up to just 2 S cm-1 with slightly higher S = 26-36 μV K-1 for 1050% wt loads of nanotubes. Blended films of MEH-PPV-70k and SWwNT cast from DCB and
doped 2 h gave conductivity up to  ~5.5 S cm-1 with Seebeck coefficients trending down to S =
14-34 μV K-1; similar samples doped for 20 h showed lower conductivity (maximum 4 S cm-1)
with slightly higher S = 27-34 μV K-1 for 10-50% wt loads of nanotubes. Overall, shorter doping
exposure times resulted in higher PF for polymer/nanotube blends fabricated from either DCB or
DCE, relative to similar samples doped long times.
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Figure 2.3. Effect of doping exposure time for the blends of MEH-PPV-70k/SWwNT
prepared in DCE (a, c) and DCB (b, d).
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Figure 2.4. Effect of doping exposure time for the blends of MEH-PPV-150k/SWwNT
prepared in DCE (a, c) and DCB (b, d).

Samples of MEH-PPV-150k/SWwNT prepared in DCE and doped for 2.5 h gave
relatively higher conductivity than for MEH-PPV-70k, up to 12 S cm-1 in the composite range of
10-50% SWwNT, with relatively flat Seebeck behavior at S = 32-40 μV K-1 across the range of
SWwNT concentration. Similar samples subjected to 20 h long doping times showed lower
conductivity up only to 4.5 S cm-1 with slightly lower S = 28-37 μV K-1 for 10-50% wt loads of
nanotubes. As for MEH-PPV-150k samples cast from DCB with 10-50% wt loads of SWwNT,
shorter (3 h) doping times resulted in higher conductivity up to 6 S cm-1 with a downward trend in
Seebeck coefficients of S = 30-43 μV K-1 compared to similar samples using long doping times
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(20 h) that gave lower conductivity up to 3.5 S cm-1 and also somewhat lower S = 25-32 μV K-1.
Whether samples were fabricated in DCE or DCB, shorter time doping gave the better power
factors up to 1.8 μW m-1 K-2 and 0.55 μW m-1 K-2, respectively (Figure 2.4).
Since shorter time doping gave better performance for both low and high molecular
weight polymer as well as their composite blends with nanotubes prepared in either DCE or DCB,
samples prepared using narrower diameter SWNTs (0.7-1.4 nm) were only subjected to the short
doping times determined from the polymer-only samples.

2.2.4 Optimizing MEH-PPV TE Blends with SWNTs: A Diameter Effect?
As mentioned earlier, solvent choices for fabricating MEH-PPV blends with carbon
nanotubes were limited by the desire to disperse the nanotubes effectively while dissolving the
polymer thoroughly. Blending SWNT with MEH-PPV followed by passive evaporation (in air)
film casting from DCE in polytetrafluoroethylene (PTFE) troughs gave visually homogeneous,
free-standing films for SWNT weight-percentages up to 50% with MEH-PPV-70k and 60% with
MEH-PPV-150k. Use of DCB or CB also worked well, albeit more slowly due to slower solvent
evaporation rates. These same solvent considerations were also followed in varying the grade of
nanotubes used in this work.
Blending wider diameter 1.2-1.5 nm SWwNT into MEH-PPV-70k gave electrical
conductivity up to ~0.04 S cm-1 even before iodine doping (Figure 2.5): while the Seebeck
coefficients of samples prepared in DCE decreased from 115 μV K-1 to 62 μV K-1, those prepared
in DCB from 188 μV K-1 to 67 μV K-1.
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For the MEH-PPV-150k/ SWwNT blends, the conductivity climbed to 0.06 S cm-1 while
Seebeck coefficients for 30% w/w nanotube loads were relatively flat, at S = 76-84 μV K-1 for
samples prepared in DCE and 84-97 μV K-1 for DCB. The PF reached 0.015μW m-1 K-2 and 0.04
μW m-1 K-2 in samples fabricated from DCE at the maximum SWwNT:MEH-PPV-70k/150k
ratios that were tested, respectively (Figure 2.5). While these are not large power PFs, it must be
noted that they are readily measured, despite the fact that these composite blends were not even
p-doped to increase their electrical conductivity.

σ_DCE
S_DCE

(b)
180

0.030

Conductivty (S/cm)

160
140

0.025

120

0.020

100

0.015

80

0.010

60
40

0.005

20

0.000
40

0.012
0.01
0.008
0.006
0.004
0.002
0

Wt % of SWwNT

σ_DCB
S_DCB

(c)

0.06

10

50

σ_DCE
S_DCE

160

0.05

Conductivty (S/cm)

140

0.04

120
100

0.03

80

0.02

60
40

0.01

20

0.00
20

30

40

30

40

Wt % of SWwNT
DCB

50

DCE

0.045

0
10

20

(d)

180

Power Factor (µW/m.K2)

30

Seebeck Coefficient (µV/K)

20

DCE

0.014

0
10

DCB

0.016

Power Factor (µW/m.K2)

0.035

Seebeck Coefficient (µV/K)

σ_DCB
S_DCB

(a)

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

50

10

Wt % of SWwNT

20

30

40

50

Wt % of SWwNT

Figure 2.5. Electrical conductivity (σ) and Seebeck coefficient (S) data for undoped MEHPPV-70k (a) and MEH-PPV-150k (c) samples with added weight-% of SWwNT, prepared
in DCE or DCB. Power factors for the same MEH-PPV-70k (b) and MEH-PPV-150k (d)
blend samples with SWwNT.
35

16
14

40

12
10
8
35

6
4
2
0

20

20

30

40

90

16

80

14

70

12

60

10

50

8

40

6

30

4

20

2

10

0

0

50

10

20

Wt % of SWnNT

30

25

20

450

15
10

20

30

40

50

40

σ_DCE
S_DCE

(d)

35

Conductivty (S/cm)

Conductivty (S/cm)

σ_DCB
S_DCB

240
220
200
180
160
140
120
100
80
60
40
20
0
0

30

Wt % of SWnNT

Seebeck Coefficient (µV/K)

σ_DCE
S_DCE

(c)

100

18

30
10

σ_DCB
S_DCB

σ_DCB
S_DCB

400

35

350

30

300

25

250

20

200

15

150
100

10

50

5

0

50

0
0

Wt % of SWnNT

40

10

20

30

40

Seebeck Coefficient (µV/K)

Conductivty (S/cm)

18

σ_DCE
S_DCE

(b)

45

Seebeck Coefficient (µV/K)

σ_DCB
S_DCB

Conductivty (S/cm)

20

Seebeck Coefficient (µV/K)

σ_DCE
S_DCE

(a)

50

Wt % of SWnNT

Figure 2.6. Electrical conductivity (σ) and Seebeck coefficient (S) data for undoped MEHPPV-70k (a), undoped MEH-PPV-150k (b), doped MEH-PPV-70k (c) and doped MEHPPV-150k (d) samples with added weight-% of SWnNT, prepared in DCE or DCB.

When narrower diameter 0.7-1.4 nm SWnNT were used, undoped sample conductivities
climbed to σ ~18 S cm-1 for both molecular weights of MEH-PPV with 50% w/w nanotubes
(Figure 2.6a-b): the higher polymer molecular weight blend conductivities were slightly higher
from DCB fabrication than from DCE. For both high and low molecular weight polymer blends
using either DCE or DCB fabrication, the Seebeck coefficient at first dropped sharply as
SWnNTs were added, then roughly stabilized for loads ≥20%. The highest PF = 3.2 μW m-1 K-2
for 50% SWnNT in MEH-PPV-70k from DCE, and 1.8 μW m-1 K-2 for 50% SWnNT in MEHPPV-150k from DCB (Figure 2.7).
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I found the SWnNT to give much superior TE performance when blended with either
grade of MEH-PPV, both before and after iodine doping. The range of nanotube diameters is
greater in the SWnNT narrow diameter NTs than the SWwNT material. Narrower carbon NT
diameters have been associated with larger barriers to charge mobility,10 so the much better
undoped blend TE performance using the SWnNT material may be associated simply with its
higher weight-fraction of nanotubes by comparison to SWwNT. Another factor may be that the
larger CNT diameter material may produce fewer conductive routes when blended with MEHPPV at the same CNT concentration.11
Overall, MEH-PPV increased electrical conductivity caused by addition of SWnNT was
accompanied by a decrease in the Seebeck coefficient at ≥20% SWnNT, with the higher SWnNT
load values at S = 66-85 μV K-1. Decreased Seebeck coefficients associated with increased
electrical conductivity are common in thermoelectrics, but here, even in the undoped samples, the
greater proportional enhancement of conductivity outweighs the Seebeck coefficient decrease.
The results are an increase by roughly two orders of magnitude in the undoped PFs of composite
blends with SWnNT compared to SWwNT.
Adding SWNTs to MEH-PPV clearly provides effective conduction pathways even
before doping, and presumably increases charge carrier concentration. This supports the major
motivation for using polymer/nanotube blends: to provide more conduction relative to polymer
alone. Doping the blends with iodine was expected to give much greater electrical conductivities
due to production of additional hole carrier sites in MEH-PPV. After 2-4 h of iodine doping, the
electrical conductivity of MEH-PPV-70k films with 10-40% SWwNT reached 8 S cm-1: by the
same procedure, MEH-PPV-150k with 40% wt SWwNT reached 12 S cm-1. Either low or high
molecular weight MEH-PPV with 10-50% SWwNT gave doped-sample Seebeck coefficients in
the range S ~20-40 μV K-1. Notably, even the best PF = 0.3-1.8 μW m-1 K-2 for iodine-doped
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polymer/SWwNT blends were inferior compared to PFs for undoped polymer blends using
SWnNT. These results show how important it will be to optimize the grade of CNT used for TE
composites with organic polymers – even the commercial materials show wide variability of
behavior from one grade to another.
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Figure 2.7. Power factors for MEH-PPV-70k (left) and MEH-PPV-150k (right) blend
samples with added weight-% of SWnNT, prepared in DCE or DCB.

Focusing of polymer blends with SWnNT plus iodine doping gave the best TE
performance results. Doping exposure for 2-3 h of MEH-PPV/SWnNT blends increased electrical
conductivity by ten-fold or more relative to MEH-PPV alone, and also gave much higher
conductivities than for doped MEH-PPV/SWwNT samples. MEH-PPV-70k/SWnNT doped
conductivities were similar whether fabricated from either DCE or DCB, reaching σ ~220-240 S
cm-1 at 50% SWnNT load (Figure 2.6c). MEH-PPV-150k gave similar behavior with doped
conductivity reaching σ ~430-450 S cm-1 at 50% SWNT load (Figure 2.6d). From either DCE or
DCB, both low and high molecular weight polymer blends had doped Seebeck coefficients of S
~20-30 μV K-1 for SWnNT loads of 30-50%: compared to the undoped values, the doped sample
Seebeck coefficients dropped by a factor of two or less. The combination of steep conductivity
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increases and relatively shallow Seebeck coefficient decreases led to sharply increased PFs in the
doped blend samples as the SWnNT load increased. For representative samples of MEH-PPV70k with 50% SWnNT, PFs were quite similar whether fabricated from DCB or DCE: for the
corresponding samples of MEH-PPV-150k, the PFs from DCE were significantly higher at
highest SWnNT loads than in DCB, up to 24 μW m-1 K-2 (estimated ZT ~0.07 with assumed κ
=0.1) (Figure 2.7, right). These results were comparable to reports by Toshima et al. of iodine
doped strech-aligned copolymers poly(2,5-dimethoxyphenylenevinylene) exhibiting PFs of 7.1
µW m-1 K-2 and 30 µW m-1 K-2.46-47
2.2.5 Stability of Doped MEH-PPV/CNT Blends: ‘Dedoping-Redoping’ Experiments
Ambient stability is a major issue for organic TE materials due to the sensitivity of
organic semiconductors to moisture and oxygen. In my work using doped MEH-PPV composites
with CNTs, the highest PF = 33 μW m-1 K-2 (estimated ZT ~0.10 with assumed κ = 0.1) with σ =
415 S cm-1 and S = 29 μV K-1 for a MEH-PPV-150k blend sample with 50% w/w SWnWT,
fabricated from DCE and subjected to re-doping. Exposure to ambient conditions for 15 h of a
first-time doped MEH-PPV-150k sample having a 50% SWnNT load gave a loss of ~80% of the
initial post-doping weight gain, presumably due to sublimation of adsorbed iodine. After 60 h of
ambient exposure, the PF had dropped by a factor of two relative to the just-doped PF, with
decreased electrical conductivity and increased Seebeck coefficient (Figure 2.8). The remaining
PF is still relatively high, much higher than just-doped, optimized PFs using SWwNTs. Most
important, re-doping the ambient-exposed sample in iodine vapor renewed the uptake of iodine,
with regeneration of electrical conductivity and PF performance to just-doped levels or even
higher. In addition, ambient-aged, doped blend samples still showed readily measureable TE
behavior after well over a year in an ambient environment. Suitable encapsulation of the organic
films to inhibit the adsorption of oxygen and water vapor would therefore be a crucial future step
to utilize this chemistry for practical energy harvesting applications.
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2.2.6 MEH-PPV Blends with MWNTs
MWNTs from two different sources were used: Wako (3-20 nm diameters) and Sigma (613 nm diameters). Doped MEH-PPV-70k blends with carbon MWNTs gave lower electrical
conductivities by comparison to similar loads of SWNT (Figure 2.9). Solvent choices for
fabricating MEH-PPV/MWNT blends were limited, due to poor nanotube dispersion: effective
dispersion in DCE could only be achieved up to 20% MWNT, and in CB up to 30-40% MWNT,
depending on the source of the nanotubes. As was the case with SWNTs, different MWNT
materials from different manufacturers gave different results, both before and after iodine doping.
For example, a blend of 30% Wako MWNT having 3-20 nm diameters in MEH-PPV-70k,
fabricated from CB, gave a maximum PF = 0.04 μW m-1 K-2 after iodine doping, whereas the
same loading of Sigma MWNT with 6-13 nm outer diameters gave PF = 0.57 μW m-1 K-2 for the
same MWNT load and fabrication conditions. The results described below are those using the 613 nm outer diameter MWNT, due to their production of consistently higher PFs.
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Interestingly, MEH-PPV/MWNT blends before iodine doping showed quite low Seebeck
coefficients, although after doping the Seebeck response was comparable to blend samples having
similar loads of SWNT (Figure 2.9). The low Seebeck results were obtained for both sources of
similar MWNT that were used. The trend was particularly notable for MWNT blends with the
higher molecular weight polymer: for 30% MWNT in MEH-PPV-150k cast from CB, S ~2 μV K1

before doping, which rose to S = 25 μV K-1 after 2.5 h of iodine doping. By comparison, a 30%

SWnNT blend in MEH-PPV-150k similarly fabricated from DCB had S = 38 μV K-1 before
doping and S = 21 μV K-1 after 3 h of iodine doping. The Seebeck coefficient arises from
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conductivity contributions due to charge carriers at energies quite different from the Fermi level,
while highly conductive materials (including doped materials) are controlled by carriers close to
the Fermi level. The conductivity of both charged carriers and ground state hole carriers, which
are provided by MEH-PPV and MWNT in the composite blends, may be enhanced in parallel
after doping, thereby leading to a simultaneous increase of the Seebeck coefficient and the
electrical conductivity. So, blending with MWNT appears to be particularly disruptive to the
Seebeck coefficient response of undoped MEH-PPV. This contrast in Seebeck behavior of
undoped MWNT blends versus undoped SWNT blends is quite striking. Carbon MWNT are more
complex than SWNT, so their behavior can vary substantially, depending on structural variables
that include diameter and number of shells, and surface oxidation effects.12 In this work, MWNT
may act as charge trap sites that are only circumvented when MEH-PPV chains are p-doped to
provide pathways for free charge transport.
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After 2-3 h of iodine doping, both MEH-PPV-70k and MEH-PPV-150k gave similar
electrical conductivities for similar blend loads of MWNT, with somewhat higher conductivity at
highest MWNT load for MEH-PPV-150k (Figure 2.9). Post-doped Seebeck coefficients using
both polymer samples were similar at high MWNT loads with S ~20 μV K-1: these are similar to
Seebeck coefficients obtained for SWnNT-containing samples (Figure 2.6). The PFs for doped
samples of both polymers reached a maximum and then decreased as MWNT load continued to
increase. The best TE performance came from MEH-PPV-150k blended with 20% MWNT and
fabricated from CB, PF = 0.95 μW m-1 K-2 (Figure 2.10). So, although MWNT costs substantially
less than SWNT, the best TE results for the MWNT samples remained much inferior to those
from the SWnNT under the procedures that I tested.

2.2.7 Surface Morphology Analysis of MEH-PPV Based TE Samples
Although the MEH-PPV/SWNT blend samples look homogeneous to the naked eye, as
discussed below there are phase-separated inhomogeneities that vary with the conditions of
sample fabrication, such solvent evaporation rates and conditions. The varying inhomogeneities
correlate with TE differences between samples fabricated under different conditions, for example
when using low-boiling DCE by comparison to high boiling DCB. Variation in the
inhomogeneity also leads to some variability in TE performance at high SWNT load results, with
TE performance in a few individual samples being even higher than the typical samples.
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Figure 2.11. SEM images of MEH-PPV-70k (top four) and MEH-PPV-150k (bottom four)
iodine-doped samples prepared in different solvents (with 10 µm white scale bars at bottom
of each picture).
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Casian and coworkers recently gave a theoretical model describing how interactions
between 1-D chains of thermoelectric charge carriers in an organic crystal can be important to
maximize thermoelectric response.13 Organic polymer morphology is typically far different from
such crystalline order considerations, but phase boundaries produced in varying polymer
morphology can still produce interfaces that influence electrical properties. For this reason, with
much help from Dr. Lang Wei of the Lahti group, I used scanning electron microscopy (SEM) to
examine polymer/SWNT blend samples fabricated in this study, to seek evidence of
morphological changes. The SEM work was done using the same samples that were used to
measure TE properties.
The SEM images of doped MEH-PPV-70k cast films prepared in CHCl3, DCE, CB and
DCB solvents are shown in Figure 2.11 (top row). SEM images of undoped samples of either
MEH-PPV-70k or MEH-PPV-150k cast from DCE were quite smooth and continuous, with some
wrinkling and stippling (Figure 2.12). After 3 h of doping in iodine vapor, the sample
appearances were not greatly changed, although it was easier to see contrast in some SEM
images; samples with undoped MEH-PPV-70k, in particular, appeared grainier after doping.
MEH-PPV-70k cast from DCB showed pitted surfaces with some surface inhomogeneity, while
MEH-PPV-150k from DCB (Figure 2.11, bottom row) showed significant bubble formation. The
surface for MEH-PPV of either molecular weight from CHCl3 is smooth and continuous, while
the film surfaces from in CB show pitting or bubbles.
Addition of SWwNT decreased the apparent surface inhomogeneity, ranging from large
degrees of graininess in the surface at low SWwNT loads of 10%, to smooth and continuous
surfaces for higher SWwNT load (30%) samples prepared with MEH-PPV-70k in DCE (Figure
2.12, top row). On the other hand, similar samples prepared in DCB showed an increase in the
surface inhomogeneity, ranging from a low degree of surface graininess at low SWwNT loads, to
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a high degree of surface porosity for higher SWwNT load samples with extensive networks
(Figure 2.13, bottom row). Although, there is a clear difference in surface morphologies for the
samples made from different solvents, the resulting power factors were quite similar (~0.35 μW
m-1 K-2).

Figure 2.12. SEM images of MEH-PPV-70k (top row) and MEH-PPV-150k (bottom row)
undoped samples prepared in different solvents (with 5, 10 and 30 µm white scale bars at
bottom of each picture).

For the blends made with MEH-PPV-150k, addition of SWwNT in DCE gave changes
from a smooth surface at low SWwNT loads (0% and 10%) to a rough and grainy surface with
speckling with extensive networks for higher SWwNT load (30%) samples (Figure 2.14, top
row). Addition of SWwNT in DCB increased the surface inhomogeneity from a smooth (some
bubbling) surface to a rough surface at low SWwNT loads, to give a grainy surface at higher
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SWNT loads (Figure 2.14, bottom row). Samples of the same composition cast from DCE look
much more inhomogeneous, showing extensive network formation. This appears to be linked to
the TE performance at high SWwNT loads: the samples of the same composition prepared in
DCE gave the better results up to 1.8 μW m-1 K-2, by a factor of 3 relative to the samples prepared
in DCB at high load of nanotubes.

Figure 2.13. SEM images of MEH-PPV-70k/SWwNT iodine doped samples. Top row, left to
right MEH-PPV-70k /SWwNT with varying percentages (w:w) of SWwNT as 0, 10 and
30% from DCE (10 µm scale bars); Bottom row, left to right the same blends from DCB (10
µm scale bars).

In using SWnNT in the composites, the apparent surface inhomogeneity increased,
ranging from large degrees of speckling at low SWnNT loads to a widespread "marbling" for
higher SWnNT load samples. MEH-PPV-70k/SWnNT films from either DCE or DCB showed
greatly increased marbling as SWnNT load increased to 30% or higher (Figure 2.15), and the
surfaces obtained from both solvent appear similar. These samples resulted in comparable power
factors of 16-18 μW m-1 K-2. MEH-PPV-150k/SWnNT samples cast from DCB also showed
increased marbling as SWnNT load increased, but samples of the same composition cast from
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DCE look much more inhomogeneous, showing extensive networks at 50% SWnNT loads
(Figure 2.16, top row). The SEM surface inhomogeneity presumably shows SWnNT-rich regions
(including clusters of SWnNT) as the load of nanotubes increases. The phase separation even
affects mechanical film integrity, since 40% SWnNT samples in MEH-PPV-70k cast from DCE
did not give free-standing films, but crumbled in multiple preparation attempts.

Figure 2.14. SEM images of MEH-PPV-150k/SWwNT iodine doped samples. Top row, left
to right MEH-PPV-150k/SWwNT with varying percentages (w/w) of SWwNT as 0, 10 and
30% from DCE (10 µm scale bar); Bottom row, left to right the same blends from DCB (10
µm scale bar).

It is tempting to attribute improvements in doped-sample conductivity and PF at high
SWnNT loads to sample porosity, such that the iodine dopant vapor can more quickly and readily
perfuse porous morphologies to give higher performance. It is not clear that this has to be so,
however. The presence of more SWnNT-rich fiber-networks at high SWnNT loads could also
provide more pathways for charge carrier transport to improve conductivity and TE performance.
Although the most strikingly phase separated sample -- the high-network 50% SWnNT in
MEHPPV-150k cast from DCE -- gives the best PF, the smoother and less-obviously networked
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sample of corresponding composition from DCB still gives a respectably high PF. Whether either
or both of the porosity and increased conduction pathway explanations are major contributors to
the improved TE performance, it seems clear that morphological inhomogeneity associated with
high SWnNT loads in MEH-PPV is correlated with greatly improved TE metrics after iodinedoping.

10%

30%

50%

10%

30%

50%

Figure 2.15. SEM images of MEH-PPV-70k/SWnNT iodine doped samples. Top row, left to
right MEH-PPV/SWnNT with varying percentages (w/w) of SWnNT as 10, 30 and 50%
from DCE (10 µm, scale bar); Bottom row, left to right the same blends from DCB (10 µm
scale bar).

As mentioned earlier, dispersing higher loads of MWNT in solutions of MEH-PPV was a
fabrication challenge. Thus, it is not surprising that these samples under SEM showed high phase
separation. Phase separation is much easier to observe for high molecular weight polymer
samples than for low molecular weight samples. As shown in Figure 2.17, MWNTs of Sigma
brand are well buried in the polymer for low loads, with a relatively long distance between visible
(presumptive) nanotube features. The highest MWNT load (40%) that I could blend with MEHPPV-150k required use of chlorobenzene, and gave SEM images with surfaces nearly covered by
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tangles of nanowires forming a well-connected network. Like the 40% Sigma brand MWNT
loaded sample, a 30% Wako brand loading exhibited a heterogeneous surface covered with
extensive nanowire networks and some speckling. The images are also similar in appearance to
SEM images reported by Prajongtat et al. for MEH-PPV/MWNT nanocomposites.14 The same
MWNT load with MEHPPV-70k (Figure 2.16, top row) does not show surface nanowires, but is
still quite heterogeneous in appearance (including bubbles), with speckling for Wako brand
samples that is similar to those seen in Figure 2.14 for MEHPPV-70k with SWnNT. Use of DCE
gave reasonable dispersions for MEH-PPV-70k up to 30% MWNT loads, but again higher
MWNT loads required use of chlorobenzene. Use of other solvents gave much less satisfactory
sample dispersion; and so these samples were not further studied. The inferior TE performance of
the MEH-PPV/MWNT samples (compared to analogous samples with SWnNTs) indicates that
these blends are not as effective for TE use, despite their interesting nanotube network formation.

Figure 2.16. SEM images of MEH-PPV-150k/SWnNT iodine doped samples. Top row, left to
right MEH-PPV/SWnNT with varying percentages (w/w) of SWnNT as 10, 30 and 50%
from DCE (10 µm scale bar); Bottom row, left to right the same blends from DCB (10 µm
scale bar).
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Figure 2.17. SEM images of MEH-PPV/MWNT iodine doped samples. Top row, left MEHPPV-70k / 10% MWNT (Sigma) (1 µm scale bar); middle, MEH-PPV-70k / 40% MWNT
(Sigma) (5 µm scale bar); right MEH-PPV-70k / 30% MWNT (Wako) (5 µm scale bar).
Bottom row, left left MEH-PPV-150k / 10% MWNT (Sigma) (1 µm scale bar); middle,
MEH-PPV-150k / 40% MWNT (Sigma) (1 µm scale bar); right MEH-PPV-150k / 30%
MWNT (Wako) (4 µm scale bar).

2.3 Conclusions
The results summarized in this chapter showed that composite blends of MEH-PPV with
carbon nanotubes provide significant thermoelectric power factors after iodine doping. Multiple
optimization iterations to test effects of MEH-PPV chain length (molecular weight), amount and
grade of SWNT added, sample fabrication solvent, and doping duration led to substantial
optimization of thermoelectric power factors in iodine doped MEH-PPV/SWNT blends, up to
~33 μW m-1 K-2 just after doping with iodine vapor. A variety of distinct morphological
architectures -- consistent with differences in TE performances -- have been observed. Multi-day
exposure of doped samples to ambient conditions results in loss of about half of the doped power
factor, but re-doping restores thermoelectric performance. The latter result indicates a need for
encapsulation or other strategy to retain exposure to high dopant levels and maintain best
performance. The substantial sample sizes in this work indicates the applied prospects for using
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doped conducting polymers blended with carbon nanotubes to make thermoelectric materials that
are effective enough to be useful and environmentally much less hazardous than the most widely
used inorganic thermoelectric materials.
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CHAPTER 3
THERMOELECTRIC STUDIES OF P3HT BLENDS WITH CARBON
NANOTUBES
3.1 Introduction
Polythiophene and its derivative, poly(3-hexylthiophene) (P3HT) are among the most
studied semiconducting polymers in organic electronics due to their good solubility,
processibility, high charge carrier mobility, chemical and thermal stability. 1 The electrical
conductivity of P3HT (10-6-103 S cm-1) depends largely on the level of doping with appropriate
dopants (e.g. FeCl3, I2, HClO4, etc.).2
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Figure 3.1. Chemical structure of regioregular rr-P3HT (left) and regiorandom ra-P3HT
(right). Arrows show the different attachments of alkyl chains.

The placement and type of pendant alkyl group plays a crucial role for P3HT in
electronic applications. Two different regio-isomers can be obtained by the attachments of 3hexyl substituent onto a polymer backbone as shown in Figure 3.1: head to tail (HT) and head to
head (HH). Due the substituent influence on polymer chain conformations, and on inter-chain
packing and morphology, dependable control of material performance has remained challenging:
but, P3HT behavior has offered strategies to gain more control. Regiorandom P3HT (ra-P3HT)
consists of randomly distributed HH and HT 3-hexylthiophene, while regioregular P3HT (rrP3HT) has only one 3-hexylthiophene connectivity, all HT. ra-P3HT has a twisted chain
conformation with poor packing and low crystallinity, resulted in doped charge mobilities of only
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10-4 cm2 V-1 s-1 and a higher optical band gap than its regioregular structure. rr-P3HT has a strong
tendency to self assemble into crystallites with ordered structures, giving high charge mobilities
up to 0.1 cm2 V-1 s-1 with high electrical conductivity and lower optical band gaps than
regiorandom analogues.3 Molecular weight and chain length also have a big impact on the
morphology and charge transport of rr-P3HT.4 Conjugated polymers often have mixed
morphologies of semicrystalline regions along with less ordered domains and large amounts of
amorphous behavior. Chains in high molecular weight films are kinetically hindered from
assembling into large crystalline domains. Conventional theory on charge transport in organic
semiconductors would therefore predict that structurally well-defined, low molecular weight
films should have higher charge carrier mobility than their less-ordered, high molecular weight
counterparts. However, the reality has been found to be more complicated. Moreover, the choice
of solvents will strongly influence the natures of any solid film morphologies and their
consequent charge carrier mobility, because solvent choice so strongly influences the kinetics of
polymer chain assembly.
In addition to use in optoelectronic applications, P3HT has also been considered as an
attractive potential thermoelectric (TE) material. Because P3HT is soluble in common organic
solvents, P3HT-based thermoelectrics could be processed by various solution-based methods
including spin coating, roll-to-roll coating, slot-dye-coating, inkjet printing, and screen printing.
In this chapter, I present results using blends of the p-dopable, fully conjugated organic
polymer P3HT with either single-wall or multi-wall carbon nanotubes (SWNT and MWNT,
respectively). Multiple optimization iterations were carried out to test effects of P3HT from
different sources, amount and diameter of the carbon nanotubes (CNTs) added, sample
fabrication solvents, and doping duration. The result was substantial optimization of TE power
factors in iodine doped P3HT/CNT blends. The intent in testing these blends was to tune the
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specific electrical conductivity of the P3HT blends with CNT additives, while retaining the
P3HT-influenced Seebeck coefficients as much as possible.
The results described below show that the TE performance is quite sensitive to factors in
addition to blend composition and type of CNTs. I found substantial influence from the solvent
used for sample preparation, doping times, use of regioregular versus regiorandom P3HT
polymer, use of narrower versus wider diameter SWNT, and the use of multi-wall instead of
single-wall carbon NTs. These attempts to analyze the effect of various parameters on the
thermoelectric performance will hopefully offer rational strategies to devise new materials for TE
applications.
3.2 Results and Discussion
3.2.1 Effect of Fabrication Conditions and Doping Exposure Times on Thermoelectric
Performance of P3HT Samples
Processing conditions have a direct impact on the morphology and physical properties
(e.g., electrical conductivity) of organic polymer-based films. In optimizing conditions for
maximum TE power factors (PFs) in this study, the effects of both fabrication solvent and iodinedoping time were examined, first by using P3HT without added carbon nanotubes. rr-P3HTs
having similar molecular weights (87-90 kdalton) and regioregularity (96-98%) from different
chemical manufacturers were tested, as well as ra-P3HT with a molecular weight of 95 kdalton.
Since undoped, pristine P3HT has low electrical conductivity, doping of the film is
required for enhanced thermoelectric properties. Therefore, the iodine-doped electrical
conductivities of rr- and ra-P3HT films cast from various solvents were tested as functions of
doping exposure time. Due to the (frequently) inverse relation between electrical conductivity and
Seebeck coefficient, careful control over the doping process was necessary to obtain the
maximum power factor. For ra-P3HT and especially for rr-P3HT samples, the maximum
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electrical conductivity, Seebeck coefficient and PF vary significantly for samples cast from
different fabrication solvents such as chloroform (CHCl3), carbon tetrachloride (CCl4), toluene,
chlorobenzene (CB), and 1,2-dichlorobenzene (DCB), as shown in Table 3.1. But, for all the
solvents tested, 2-4 h was sufficient to maximize electrical conductivity for rr-P3HT, and 5-8 h
for ra-P3HT. After the maximum conductivity was reached, the doping process was discontinued,
and the Seebeck coefficients were measured immediately.

Table 3.1. TE properties of P3HTs without added CNTs prepared from various solvents.
PF
Boiling
Doping
σ
S
2
Point (C) Time (h) (S/cm) (μV/K) (μW/m K )
61
3.5
66.6
38.4
9.8
rr-P3HT-Sigma CHCl3
111
2.5
30.4
45.3
6.2
rr-P3HT-Sigma Toluene
CB
132
2
43.7
47.8
10.0
rr-P3HT-Sigma
DCB
181
3
22.7
50.2
5.7
rr-P3HT-Sigma
61
3.5
140.4
36.2
18.4
rr-P3HT-Rieke CHCl3
CCl4
77
4.5
171.5
40.3
27.8
rr-P3HT-Rieke
CB
132
3
99.1
35.3
12.3
rr-P3HT-Rieke
DCB
181
2
27.0
45.7
5.6
rr-P3HT-Rieke
CHCl3
61
8.5
5.8
66.2
2.5
ra-P3HT
Toluene
111
7
3.9
58.2
1.3
ra-P3HT
CB
132
5.5
5.8
45.7
1.2
ra-P3HT
DCB
181
6.5
3.0
68
1.4
ra-P3HT
Polymer

Solvent

The electrical and TE performances of the P3HT films showed significant effects using
slow-evaporating solvent like DCB versus fast-evaporating like CHCl3, but the effect varied with
the source of the P3HT. Films of rr-P3HT purchased from Sigma (molecular weight =87 kdalton,
regioregularity = 98%) were doped for 2-3.5 h to give electrical conductivities of 23-67 S cm-1
that decreased somewhat with an increase in solvent boiling point. But, analogously treated
samples of rr-P3HT purchased from Rieke (molecular weight = 90 kdalton, regioregularity =
96%) showed increasing electrical conductivity in a range of 27-140 S cm-1 as solvent boiling
point increased, reaching a peak value at 171 S cm-1 for CCl4. The samples all had Seebeck
coefficients S > 0, consistent with the p-type character of P3HT. The doped Seebeck coefficients
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progressively increased from 38 to 50 μV K-1 with increased solvent boiling point for the Sigma
rr-P3HT films, and over 36-46 μV K-1 for the analogous Rieke rr-P3HT samples.
Repeating the above experiments with ra-P3HT gave similar trends to the Sigma rrP3HT, although quite different quantitative results. Electrical conductivity decreased from 6 S
cm-1 to 3 S cm-1 for samples prepared with increasing solvent boiling point, while the Seebeck
coefficients dropped two fold from 66 to 46 V K-1 for the samples prepared from CHCl3 to CB,
reaching a peak value at 68 μV K-1 for DCB.
Overall, higher conductivity and lower Seebeck coefficients were obtained for I2-doped
samples of rr-P3HT prepared in lower boiling point solvents than those prepared in high boiling
point solvents. rr-P3HT films even without SWNT or MWNT, doped with I2 by a standard
protocol gave an impressive conductivity of 171 S cm-1 with an overall PF = 28 W m-1 K-2. By
comparison, the best conductivity and PF for doped ra-P3HT were 5.8 S cm-1 and 2.5 W m-1 K-2
for samples prepared from lower boiling point solvent. The PF from the rr-P3HT films is
particular promising compared to other samples I studied, although not the highest achieved in
these studies, as will be described later.

3.2.2 Thermoelectric Properties of rr-P3HT-Sigma Blends with SWwNT
Although a few low boiling solvents gave rr-P3HT films that could be doped to higher
conductivity, DCB was much superior for making well-dispersed blend solutions of either rr- or
ra-P3HT with high loads of SWNT, at concentrations allowing the fabrication of free-standing
films by passive evaporation. Therefore, most of the results described in this section were
obtained using DCB for sample preparation. Film doping times up to 19 h were used for initial
testing of blends of SWwNT with rr-P3HT purchased from Sigma; but, most results used short
doping times (2 h) based on the later results showing that over-doping gives lower TE
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performance as described in chapter 2. Unless otherwise stated for a result, it was obtained with a
2 h doping time.
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Figure 3.2. Electrical conductivity (σ) and Seebeck coefficient (S) data for the blends
of rr-P3HT-Sigma/SWwNT with added weight-% of SWwNT: undoped (left), doped
(right).
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Figure 3.3. Power factors for the blends of rr-P3HT-Sigma/SWwNT.

Having established optimum doping conditions from the results in Table 3.1, I next
studied the influence of CNT content on the TE properties of P3HT/CNT composites. Due to
poor nanotube dispersion in all solvents tested, effectively dispersed samples could only be
prepared up to 30% SWwNT. At >40% SWnNT w/w composition with the P3HT samples that I
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used, the standard casting procedure in PTFE troughs failed to give free-standing films, but
instead gave samples that crumbled in multiple preparation attempts. Blending wider diameter
1.2-1.5 nm SWwNT into rr-P3HT-Sigma gave electrical conductivity up to ~0.002 S cm-1 before
iodine doping for high nanutube concentrations (Figure 3.2). The composite blend Seebeck
coefficients trended downward from 365 μV K-1 to 137 μV K-1 with increasing SWwNT amount;
these Seebeck values are higher by a factor of 2-3 than those for the samples prepared with MEHPPV in Chapter 2.
Doping the rr-P3HT-Sigma/SWNT composites significantly increased their electrical
conductivities. Interestingly, there was a pronounced rise in electrical conductivity at low CNT
concentrations to 35 S cm-1, followed by a decrease to 23 S cm-1 at high CNT concentrations; all
for I2 doped samples after 19 h. In contrast, the Seebeck coefficient seems to be independent of
SWwNT content at S = 32-35 μV K-1, leading to overall decreases in PF from 4.4 to 2.5 μW m-1
K-2 as SWwNT content increases. The electrical properties of polymer/CNT composites have
been noted to be influenced strongly by the level of dispersion phase of blended CNTs.5
Therefore, the SWwNT in these samples could be better dispersed in the less concentrated
composites.
Due to the unavailability of the Sigma brand rr-P3HT polymer in the research lab at the
same time that the narrower diameter (0.7-1.4 nm) SWnNTs were available, trials with SWnNT
and rr-P3HT-Sigma were not performed. Based on results described later, it seems likely that
qualitative trends for conductivity, Seebeck coefficient, and PF would be similar as functions of
SWnNT load, but the PF are likely to have been higher. The experiments with SWnNT were,
however, carried out using Rieke manufactured rr-P3HT, as described below.
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3.2.3 Thermoelectric Properties of rr-P3HT-Rieke Blends with SWnNT
Since narrower diameter 0.7-1.4 nm SWnNT gave a better TE performance than 1.2-1.5
nm SWwNT with MEH-PPV, as explained in detail in Chapter 1, when rr-P3HT-Rieke polymer
was obtained rr-P3HT-Sigma became unavailable, the rr-P3HT-Rieke was blended only with the
narrower diameter SWNTs. All of these results described below were obtained using a 2 h doping
exposure of the composite films to iodine vapor, where the films were fabricated by casting from
DCB. Solvent choice was determined by the ability to disperse the SWnNTs well in the solution
of rr-P3HT-Rieke.
As shown in Figure 3.4, as the SWnNT composition load was increased for undoped
samples of rr-P3HT-Rieke, the Seebeck coefficient slightly increased while the electrical
conductivity drastically increased. Undoped sample conductivities climbed to σ ~170 S cm-1 for
50% SWnNT load (Figure 3.4, left): at this composition, the Seebeck coefficient was 47 μV K-1.
The increased electrical conductivity occurs due to increasing numbers (and lengths) of
conducting pathways through the polymer/CNT composite, which reduces charge carrier hopping
distance between CNTs, thus improving the electrical conductivity of the overall (still undoped)
composites.6 At the same time, domain boundaries between SWnNT and rr-P3HT cause lowenergy carrier electrons to be scattered while allowing high-energy electrons to pass through. This
would increase the Seebeck coefficient in the over (undoped) composite material. As a result of
the trends in conductivity and Seebeck coefficient, PF in the composite blends increased
significantly with increasing SWnNT content, with the 50% SWnNT blend giving the highest PF
= 36.7 μW m-1 K-2 before doping (Figure 3.4, bottom).
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Figure 3.4. Electrical conductivity (σ) and Seebeck coefficient (S) data for the blends of rrP3HT-Rieke/SWnNT with added weight-% of SWnNT: undoped (top left), doped (top
right). Power factors for the same blend samples with SWnNT (bottom).
Doping the rr-P3HT-Rieke/CNT blends with iodine was predicted to give much greater
electrical conductivities due to generation of hole charge carriers in rr-P3HT. Indeed, doping the
blends increased electrical conductivity by 10-50 fold or more relative to rr-P3HT alone and to
undoped P3HT/CNT blend samples. For example, after 2 h of iodine doping, the electrical
conductivity of films with 50% SWnNT reached 1722 S cm-1. Encouragingly, the doped sample
Seebeck coefficients dropped by 30% or less compared to the undoped values, giving S = 27-29
μV K-1 for SWnNT loads of 40-50%.
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The combination of sharp conductivity increases and relatively shallow Seebeck
coefficient decreases thus gave rise to dramatically increased PFs in the doped blend samples as
the SWnNT load increases. As a result, for the 50% SWnNT loads the best PF = 148 μW m-1 K-2.
This result is comparable to one of the highest values reported in the recent literature for
P3HT/SWNT composites. Müller et al. showed PFs of 95 µW m-1 K-2 obtained in the drop-cast
composite films of carbon nanotubes (42-81% wt) and P3HT (Mw ~54 kdalton with ~90%
regioregularity from Rieke Metals) doped with FeCl3 immersion.52 In another study, Jang et al.
found that wire-bar-coated P3HT films (Mw ~38 kdalton with ~98.5% regioregularity from
Unidym) with SWNT gave PFs of up to 105 μW m-1 K-2.7 The same Jang group recently reported
PFs of up to 267 μW m-1 K-2 obtained by spin-coated doping in FeCl3 followed by the wire-barcoated P3HT films (Mw ~38 kdalton with ~98.5% regioregularity from Unidym) with SWNT.8
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Figure 3.5. Electrical conductivity (σ) and Seebeck coefficient (S) data for stability study of
doped rr-P3HT-Rieke/50% SWnNT blend (left). Power factors vs % change in weight for
the same blend (right).

Given these very promising results, the reproducibility of the TE performance was tested
for three samples of rr-P3HT-Rieke blended with 50% SWnNT. They gave a range of PF = 131148 μW m-1 K-2, with σ = 1147-1722 S cm-1 and S = 29-34 μV K-1. As an additional test for
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potential effects of allowing a doped TE sample to stand before measurement -- and, of course, as
a test of the longevity of the TE performance -- a sample giving PF = 136 μW m-1 K-2 was
subjected to re-doping. Exposure to ambient conditions for 18 h of the first-time doped composite
sample with a 50% SWnNT load gave a loss of ~15% of its initial post-doping weight gain,
presumably due to sublimation of iodine (Figure 3.5). After 54 h of ambient exposure, the PF for
the sample had dropped by a factor of two relative to the just-doped PF, with decreased electrical
conductivity and increased Seebeck coefficient. However, re-doping the ambient-exposed sample
in iodine vapor renewed uptake of iodine, with regeneration of electrical conductivity and PF
performance to 65% of initial doped level. While this percentage of re-doped TE regeneration is
not as strong as for the MEH-PPV/SWnNT doped samples, the P3HT/SWnNT doped samples
start from a substantially higher PF. As was true with the MEH-PPV based results, the P3HT
based results indicate that is would valuable to combine any practically-oriented follow up to my
TE inducing procedure, with an encapsulation step that can stop loss of volatile p-dopant.

3.2.4 Thermoelectric Properties of ra-P3HT Blends with SWNT
The TE properties of doped and undoped ra-P3HT blends with both wider diameter
SWwNT and narrower SWnNT were studied. Initial studies were performed with SWwNTs and
long doping times (19 h) for ra-P3HT blends. However, short doping times (8 h) were used for
subsequent studies using blends with SWnNT, since by then I had established the importance of
more limited, optimized doping times.
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Figure 3.6. Electrical conductivity (σ) and Seebeck coefficient (S) data for the blends of
ra-P3HT/SWwNT with added weight-% of SWwNT: undoped (top left), doped (top
right). Power factors for the same blend samples with SWwNT (bottom).

Blending wider diameter 1.2-1.5 nm SWwNT into ra-P3HT give electrical conductivity
up to ~0.1 S cm-1 before iodine doping (Figure 3.6): the Seebeck coefficients of samples trended
downward from 126 μV K-1 to 95 μV K-1 for increasing 20-40% SWwNT content. The composite
blend with 40% SWwNT yielded the highest PF = 0.09 μW m-1 K-2 before doping (Figure 3.6,
bottom). Iodine doping for 19 h significantly enhanced the electrical conductivity of the
composites to 9.2 S cm-1, while Seebeck coefficients dropped from 33 μV K-1 to 23 μV K-1 at
increased nanotube concentrations, giving an overall increase PF from 0.2 to 0.5 μW m-1 K-2.
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Switching to narrower diameter 0.7-1.4 nm SWnNT with ra-P3HT gave better TE
performances even before doping. Undoped sample conductivities climbed to σ ~6.9 S cm-1 with
30% nanotubes (Figure 3.7, left), 500-fold higher than for similar loads of the wider SWwNT
nanotubes. The Seebeck coefficient for the 30% SWnNT load in ra-P3HT was 35 μV K-1, giving
PF = 0.8 μW m-1 K-2 (Figure 3.7, right) without doping.
S_doped
S_undoped

Undoped
45

80

40

70

35

60

30

50

25

40

20

30

15

20

10

10

5

0

0
5

15

25

Doped

3.5

Power Factor (µW/m.K2)

90

Seebeck Coefficient (µV/K)

Conductivity (S/cm)

σ_doped
σ_undoped

3
2.5
2
1.5
1
0.5
0

35

5

Wt % of SWnNT

15

25

35

Wt % of SWnNT
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Iodine doping exposure for 8 h of the ra-P3HT/SWnNT composite blends increased
electrical conductivity by 15-fold or more relative to ra-P3HT alone up to σ ~85 S cm-1 at 30%
SWnNT load (Figure 3.7, left). The Seebeck coefficient after doping is nearly independent of the
SWnNT content with a relatively flat S = 18-19 μV K-1: compared to the undoped values, the
doped sample Seebeck coefficients drop by a factor of two or less. Overall, increased addition of
SWnNT raised the post-doping PF from 0.06 to 3 μW m-1 K-2 (Figure 3.7, right).
The ra-P3HT chains have regio-irregular side chains attachment on the polythiophene
backbone, causing the backbone to twist and deplanarize. As a result the twisted chains cannot
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pack effectively, giving reduced inter-chain carrier mobility results and low electrical
conductivity.

3.2.5 Thermoelectric Properties of rr-P3HT-Sigma Blends with MWNT
Fabricating polymer/MWNT blends was limited due to poor nanotube dispersion: i.e.,
effective dispersion in DCB could only be achieved up to 30% w/w MWNT. Doped rr-P3HTSigma blends with MWNTs gave lower electrical conductivities by comparison to similar loads
of SWwNT, when all the samples were doped for 19 h.
rr-P3HT-Sigma/MWNT blends before iodine doping showed relatively high Seebeck
coefficients. After doping, the Seebeck responses were higher than in samples having similar load
SWwNT blends (Figure 3.8). For high load 30% MWNT, S ~22 μV K-1 before doping, which
increased to S = 45 μV K-1 after 19 h of iodine doping. By comparison, a 30% SWwNT blend in
rr-P3HT-Sigma, similarly fabricated from DCB, had S = 137 μV K-1 before doping and S = 33
μV K-1 after 19 h of iodine doping. So, in a manner reminiscent of the low Seebeck coefficients in
MEH-PPV blended with MWNT, undoped rr-P3HT-Sigma blends with MWNT also seem to
have disrupted, lower Seebeck coefficients by comparison to samples without MWNT; after
iodine doping, the Seebeck coefficients tend to rise in the high MWNT load samples.
After 19 h of iodine doping, in contrast to similar samples with SWwNT, the rr-P3HTSigma/MWNT blends gave upward trending conductivities to 18.1 S cm-1 for increasing amounts
of MWNT (Figure 3.8, right). The PFs for the doped samples reached a maximum 3.70 μW m-1
K-2 at highest (30%) w/w MWNT load, whereas the same load of SWwNT with the same polymer
gave PF = 2.5 μW m-1 K-2 after doping. All of these measurements were carried out to gauge
differences for using SWwNT versus MWNT, with long doping times. The TE results with
SWnNT were far superior. As a result, no further work was done beyond these experiments, using
these particular materials.
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3.2.6 Thermoelectric Properties of ra-P3HT Blends with MWNT
As was the case with SWNT, different MWNT materials gave different results both
before and after iodine doping for blends with ra-P3HT. MWNT with 3-20 nm diameters
purchased from Wako Chemicals and MWNT with 6-13 nm diameters from Sigma Aldrich were
used to test TE effects in composites. Notably, undoped ra-P3HT blends with MWNT from
Wako gave higher electrical conductivities by comparison to blends with similar loads of
SWwNT (Figure 3.10, σ ~0.1 S cm-1). The samples fabricated from Wako MWNT gave a
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maximum σ ~3.8 S cm-1 for increasing load of MWNT before iodine doping, whereas analogous
samples with MWNT from Sigma gave up to σ ~2.2 S cm-1 with increased MWNT content. Low
Seebeck coeffients were obtained before doping for both sources of MWNT, by comparison to
doped samples. Seebeck coefficients of samples using Wako MWNT dropped sharply from 141
μV K-1 at 10% load, and then roughly stabilized at 16-21 μV K-1 for 20-40% loads. However,
Seebeck coefficients for the samples using Sigma brand showed no clear trend at S ~11-20 μV K-1
up to 30% load. Wako MWNTs gave the highest PF = 0.13 μW m-1 K-2 for 40% load while Sigma
brand gave its highest PF = 0.03 μW m-1 K-2 for 40% load. These PFs with ra-P3HT and MWNT
are much lower than PFs for rr-P3HT with SWnNT.
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After iodine doping, both MWNT brands blended with ra-P3HT gave similar electrical
conductivities (σ ~10.3 S cm-1) for similar blend loads, with somewhat lower conductivity at
highest MWNT load for the Sigma MWNT (Figure 3.9, bottom). After doping, the Seebeck
coefficients trend was particularly notable for ra-P3HT/MWNT blends. They rose by 50% for
Wako MWNTs and 75% or more for Sigma MWNTs. For 40% MWNT load sample, S ~12 μV
K-1 before doping, a low number reminiscent of the results for MEH-PPV with MWNT: the
coefficient rose to S = 25 μV K-1 after 2.5 h of iodine doping. The set of doped ra-P3HT blends
prepared with Wako MWNT gave downward trending Seebeck coefficients of 36-28 μV K-1 as
MWNT load increased, while samples with Sigma MWNT showed relatively stable S ~21-28 for
increasing MWNT load. The best TE performance came from Wako MWNT blends at 40% load,
PF = 0.83 μW m-1 K-2; whereas Sigma MWNT gave PF = 0.34 μW m-1 K-2 at the same load.
This uncommon behavior -- a simultaneous increase in Seebeck coefficient and
conductivity upon p-doping -- can be explained by the differences in energy levels of ra-P3HT
and MWNT in the composite blends. Despite the interesting behavior, the final PFs are quite low
by comparison to the results for rr-P3HT with SWnNTs, so these investigations have not been
further pursued.

3.2.7 Surface Morphology Analyses of TE P3HT/CNT Blend Samples
Scanning electron microscopy (SEM) studies were carried out for the TE samples of
P3HT/CNT composite blends. I am grateful to Dr. Lang Wei of the Lahti group for assistance
with this work. SEM images of iodine-doped rr-P3HT-Sigma cast films (without nanotubes)
fabricated from CHCl3 or DCB solvents are shown in Figure 3.10. They tend to be smooth and
continuous, with some speckling and stippling. rr-P3HT-Rieke cast from CHCl3 and DCB also
showed smooth and continuous surface with some wrinkling and speckling. Doped samples of raP3HT showed quite smooth and continuous surface with significant crater or bubble formation.
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Although there is no visible difference in surface morphologies for these samples as functions of
manufacturer, regioregularity, or fabrication solvent, the corresponding power factors do show
variability. For a comparison, the rr-P3HT-Sigma sample fabricated in low boiling point solvent
CHCl3 gave higher performance than the one in high boiling point solvent DCB (9.8 vs 5.7 μW
m-1 K-2). The corresponding difference in PF is much higher for the samples of rr-P3HT-Rieke
(18.4 vs 5.6 μW m-1 K-2). As for ra-P3HT, PFs are 2.5 and 1.4 μW m-1 K-2. So, there are clearly
limits to correlating visual features (or lack of them) with TE performance, despite the fact that
some correlations described below do seem to be likely.
SWNT additive composition significantly affects the visual surface morphology of these
films. For SWwNT added to rr-P3HT-Sigma, surface inhomogeneity increased from low degrees
of surface granulation surface with some amount of speckling (10% SWwNT loads) to high
degrees of apparent surface porosity with high amounts of speckling for higher SWwNT loads
(30%) samples prepared with (Figure 3.11). These differences correspond to some variability in
TE performance at different SWwNT loads: low load nanotubes gave up to two-fold higher PF =
4.4 μW m-1 K-2 compared to samples with a high load of nanotubes.
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Figure 3.10. SEM images of iodine doped rr-P3HT-Sigma, rr-P3HT-Rieke and ra-P3HT in
CHCl3 (top row) and in DCB (bottom row), respectively. (10 µm white scale bars at bottom
of each picture).

Figure 3.11. SEM images of rr-P3HT-Sigma/SWwNT iodine doped samples with varying
percentages (w:w) of SWwNT as 10% (left) and 30% (right), with 10 µm scale bar.

SEM images of undoped samples of rr-P3HT-Rieke with SWnNT are shown in Figure
3.12. After 2 h of doping in iodine vapor, the sample appearances were not noticeable changed.
Adding more SWnNT increased surface inhomogeneity, from a low degree of surface granularity
with speckling at 10% SWnNT load, to a high degree of surface porosity with widespread
speckling for moderate SWnNT (30%) load, to formation of extensive surface networks at high
50% SWnNT loads. From the surface morphologies of the films, it appears that SWnNT were
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well-dispersed in the composite, and become more densely packed at higher loadings. This
should lead to increasingly strong π-π interactions at boundaries between P3HT and SWnNT. The
surfaces obtained from different nanotube loads do show changes, with increasing network
formation that correlates to increasing PFs of 36, 63 and 148 μW m-1 K-2 with increasing SWnNT
content as SWnNT content increases. The presence of more networked SWnNT-rich fiber content
at high SWnNT loads should provide more pathways for charge carrier transport, consistent with
the impressive observed increases of TE performance. Whether formation of more densely
compact conduction pathways, or improved conduction pathways (or both) are the main
contributors to the better TE performance, it seems extremely likely that the observed
morphological changes associated with high SWnNT loads in rr-P3HT are associated with the
remarkably enhanced TE results in these samples after iodine doping.

Figure 3.12. SEM images of rr-P3HT-Rieke/SWnNT, undoped (top row) and doped (bottom
row) samples with varying percentages (w:w) of SWnNT as 10% (left), 30% (middle) and
50% (right), with 10 µm scale bar.

The surface morphologies of ra-P3HT with SWnNT were analyzed since the TE results
with these CNTs gave consistently higher PFs. Adding SWnNT to ra-P3HT gave composites in
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which surface inhomogeneity increased. Grainy and marbled surfaces with low degrees of
speckling at low SWnNT (10%) loads gave way to high degrees of speckling at higher SWnNT
load samples (50%) (Figure 3.13). These changes correlate with increased PF from 1.8 μW m-1 K2

to 3 μW m-1 K-2, respectively. The correlation between network formation and increased PFs is

seen in the ra-P3HT composites, but the PF increase is far less dramatic than in the rr-P3HT
samples.

Figure 3.13. SEM images of ra-P3HT/SWnNT iodine doped samples with varying
percentages (w:w) of SWnNT as 10% (left) and 30% (right), with 10 µm scale bar.

Since good dispersion of higher loads of MWNT in solutions of P3HT was problematic,
these samples under SEM showed high phase separation, especially in the films with high
MWNT loads. Figure 3.14 shows SEM images of rr-P3HT-Sigma with MWNT-Wako. A low
MWNT load (10%) gave a rough and pitted surface, with MWNT presumably being well
embedded in the polymer. Increasing MWNT to 30% load enhanced roughness and produced
extensive networks of nanowires. In fact, the surfaces are nearly covered by tangles of nanowires
in contact with one another, forming a (presumably conductive) network. Despite this noticeable
variability in surface morphologies for the different nanotube loads, the resulting power factors
remain nearly the same (3.2-3.7 μW m-1 K-2). Perhaps these samples have different thermal
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conductivities (κ), that lead to different figure of merit ZT (at similar PFs) due to nanostructuring
effects described in the introduction of chapter 1.

Figure 3.14. SEM images of rr-P3HT-Sigma/MWNT iodine doped samples with varying
percentages (w:w) of MWNT as 10% (left) and 30% (right), with 10 µm scale bar.

To further elucidate to which degree MWNT are distributed in the P3HT composites,
SEM was carried out on a set of ra-P3HT/MWNT composite samples (Figure 3.15). As was the
case for the analogous sample of rr-P3HT-Sigma with MWNT, increasing loads of MWNT gave
increasing surface inhomogeneity, from a rough and pitted surface at low MWNT loads (10%) to
surface coverage with highly networked nanowires for higher MWNT load (30%). Such
nanoscale morphology is expected to give a highly electrically conductive network. Unlike the
similar composites of rr-P3HT-Sigma with MWNT, these composites with ra-P3HT showed a
correlation of decreased surface nanowire networking. The samples of high load nanotubes gave
the better results up to 0.83 μW m-1 K-2, by a factor of 5 relative to the samples prepared at low
load of nanotubes.
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Figure 3.15. SEM images of ra-P3HT/MWNT iodine doped samples with varying
percentages (w:w) of MWNT as 10% (left) and 30% (right), with 10 µm scale bar.

3.3 Conclusions
This chapter presented results for composite blends of P3HT with carbon nanotubes
(CNTs), showing extremely good thermoelectric power factors after iodine doping, and
significant power factors even before doping in some cases. Multiple optimization iterations to
determine effects in these composites of using P3HT from different sources with different
degrees of regioregularity, different amounts and types (SWNT versus MWNT) and diameters of
added CNTs, sample fabrication solvent, and doping p-duration led to substantial improvement of
thermoelectric power factors for iodine doped P3HT/CNT blends. The effect of regioregularity
was very important, with regioregular P3HT giving much higher power factors. Careful control
over both the doping process established that a limited doping time gave the best power factors,
following which electrical conductivity actually declined. Depending on the amount of CNT
added, a variety of distinct surface morphologies was seen by electron microscopy. This is
consistent with differences in TE performances that have been observed, although the correlation
of surface appearance and TE performance is not always clear. Overall, TE performance is
strongly affected by P3HT/CNT blend composition, manufacturer of NTs, solvent used for
sample preparation, doping times, use of regioregular versus regiorandom P3HT polymer, use of
77

narrower and wider diameter SWNTs, and use of multi-wall instead of single-wall carbon NTs. A
PF of 148 μW m-1 K-2 (estimated ZT ~0.44 with assumed κ =0.1) was obtained in the optimized
sample preparation with rr-P3HT-Rieke/50%SWnNT which is in good comparison with some of
the best PFs for P3HT-based TE materials in the literature. Given the complexity of optimizing so
many variables, similar work procedures to mine are needed to identify the effect of various
parameters influencing thermoelectric performance, and to offer rational means to develop new
materials for thermoelectric applications.

78

3.4 References

(1)

Zhenan, B.; Ananth, D.; Andrew, J. L. Soluble and Processable Regioregular
Poly(3‐hexylthiophene) for Thin Film Field‐Effect Transistor Applications with High
Mobility. Appl. Phys. Lett. 1996, 69, 4108–4110.

(2)

McCullough, R. D. The Chemistry of Conducting Polythiophenes. Adv. Mater. 1998, 10,
93–116.

(3)

Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.; Bechgaard, K.; LangeveldVoss, B. M. W.; Spiering, A. J. H.; Janssen, R. A. J.; Meijer, E. W.; Herwig, P.; de
Leeuw, D. M. Two-Dimensional Charge Transport in Self-Organized, High-Mobility
Conjugated Polymers. Nature 1999, 401, 685–688.

(4)

Kline, R. J.; McGehee, M. D. Morphology and Charge Transport in Conjugated
Polymers. J. Macromol. Sci. C Poly. Rev. 2006, 46, 27–45.

(5)

Song, Y. S.; Youn, J. R. Influence of Dispersion States of Carbon Nanotubes on Physical
Properties of Epoxy Nanocomposites. Carbon 2005, 43, 1378−1385.

(6)

Kaiser, A. B.; Dusberg, G.; Roth, S. Heterogeneous Model for Conduction in Carbon
Nanotubes. Phys. Rev. B. 1998, 57, 1418-1421.

(7)

Lee, W.; Hong, C. T.; Kwon, O. H.; Yoo, Y.; Kang, Y. H.; Lee, J. Y.; Cho, S. Y.; Jang
K.-S. Enhanced Thermoelectric Performance of Bar-Coated SWCNT/P3HT Thin Films.
ACS Appl. Mater. Interfaces 2015, 7, 6550−6556.

(8)

Hong, C. T.; Lee, W.; Kang, Y. H.; Yoo, Y.; Ryu, J.; Cho S. Y.; Jang K.-S. Effective
Doping by Spin-Coating and Enhanced Thermoelectric Power Factors in SWCNT/P3HT
Hybrid Films. J. Mater. Chem. A 2015, 3, 12314−12319.

79

CHAPTER 4
THERMOELECTRIC STUDIES OF PEDOT:PSS BLENDS WITH CARBOXYLIC ACID
AND HYDROXYL FUNCTIONALIZED CARBON NANOTUBES
4.1. Introduction
Poly(3,4-ethylenedioxythiophene) (PEDOT) is the most widely used organic polymer for
electronic materials research, due to its high conductivity, good stability, and processibility.
Furthermore, PEDOT is now commercially produced on large scale, and when doped with
polystyrenesulfonic acid (PSS), the resulting PEDOT:PSS is used for many applications,
including solid electrolyte capacitors, light emitting diodes, anti-static coatings, organic solar
cells, and organic field-effect transistors.1 PEDOT:PSS can be obtained as a stable aqueous
dispersion made by the polymerization of 3,4-ethylenedioxythiophene (EDOT) with PSS as a
surfactant (Figure 4.1). Uniform PEDOT:PSS films can be produced from the commercial
PEDOT:PSS dispersion by conventional techniques such as spin coating, inkjet printing, spray
coating, screen printing and aerosol jet printing. As a result, PEDOT:PSS is ideal for many
applications that require highly transparent thin films.
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Figure 4.1. Chemical structure of polymer PEDOT:PSS.
Thermoelectric (TE) investigations for PEDOT:PSS have gained growing attention in the
last decade, with many results reported regarding both commercial PEDOT:PSS used as is, and
blended composites with PEDOT:PSS.2
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A wide range of electrical conductivity (from 0.1-10 S cm-1 to over 103 S cm-1) can be
achieved by changing the compositional ratio between PEDOT and PSS3 and by processing with
additives.4 A commonly used approach is to use secondary additive which can increase the
electrical conductivity by several orders of magnitude. For example, PEDOT:PSS can be doped
secondarily by a range of chemicals such as ethylene glycol (EG), dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP), sugars, polyols (ethylene
glycol, glycerol and so on), ionic liquids, surfactants, and salts.5 The significant increase in
electrical conductivity by secondary additive is mainly attributed to improvement in charge
mobility as a result of changing coiled to linear or extended conformations of PEDOT polymer
chains, and changing orientation of PEDOT grains such that they become more conductive. The
increase in electrical conductivity for the DMSO or EG doped PEDOT:PSS implies that the
secondary additive does not lead to an increase in carrier concentration but changes carrier
mobility. However, Seebeck coefficients almost remained unaffected from secondary additive
treatment, which is attributed to the doping causing a morphology change. The secondary
additive effect therefore appears a useful method for ZT enhancement. PEDOT also has an
intrinsically low thermal conductivity. The combination of these features makes PEDOT
attractive as an active material for organic-based high-performance TE materials.
To enhance the TE performances of PEDOT:PSS, carbon nanotubes (CNTs) are effective
additives, due to the high conductivity they provide when incorporated in a polymer matrix as a
filler. The enhancement in performance has been explained as being due to thermally
disconnected but electrically connected junctions between CNTs.6 Most studies have only showed
enhancement of electrical conductivity when CNTs are added to PEDOT:PSS; while Seebeck
coefficient have not shown significant change.
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In this chapter, I report the results of using blends of the conductive polymer
PEDOT:PSS with either carboxylic acid (COOH-) or hydroxyl (OH-) functionalized single wall
carbon nanotubes (SWNT): the functionality was used to improve blend dispersion, as discussed
in the following section. The intent in testing these blends was to increase the specific electrical
conductivity of the PEDOT:PSS blends by adding carbon nanotube (NT) additives, and to
achieve secondary doping effect with the good solvent DMSO, while retaining the inherent
PEDOT:PSS Seebeck coefficient behavior as much as possible. The results described below show
that this strategy works, but is quite sensitive to factors beyond just the blend composition, the
functionality of the CNTs, or the use of the secondary dopant additive.
4.2. Results and Discussion
4.2.1 Thermoelectric Properties of PEDOT:PSS with Functionalized SWNTs
PEDOT:PSS aqueous solution with brand name CLEVIOSTM P VP AI 4083 was used in
this study. The specified concentration of PEDOT:PSS was 1.3-1.7 % by weight, and the weight
ratio of PSS to PEDOT was 6:1. Simply using this solution gave PEDOT:PSS films with a fairly
modest specific conductivity of 8 x10-3 S cm-1. Addition of 10% DMSO by weight as a secondary
additive raised the electrical conductivity to 8 S cm-1, an increase by three orders of magnitude.
Solvent choices for fabricating PEDOT:PSS blend films with CNTs were limited to H2O, since
PEDOT:PSS essentially requires a primarily aqueous solution. Blending SWNT-COOH or
SWNT-OH with PEDOT:PSS plus 10% DMSO (w:w) followed by passive evaporation in air of
the aqueous solutions in the group’s standard polytetrafluoroethylene (PTFE) troughs gave
visually homogeneous, transparent to nearly opaque (depending on the percent of CNTs), freestanding films for SWNT weight-percentages up to 65%.
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Figure 4.2. Electrical conductivity (σ), Seebeck coefficient (S) and power factors (PF)
data for the blends of PEDOT:PSS with added weight-% of nanotubes: SWNT-COOH
(left), SWNT-OH (right). Arrows show the appropriate data ordinate.

The functional groups on SWNT walls provide better dispersion in water without the use
of any surfactants, than could be achieved using unfunctionalized CNTs. Also, PEDOT:PSS has
many SO3H groups which can form hydrogen bonds with the COOH- or OH- groups on the
nanotube walls. The rod-like character of the nanotubes also provides a template for the
PEDOT:PSS polymer chains to adopt an extended conformation through π-π interactions and
hydrogen bond formation. This should lead at least to partial covering of nanotube walls with
PEDOT:PSS chains.
As the SWNT-COOH content in the blends with PEDOT:PSS increased, the electrical
conductivity drastically increased, up to ~115 S cm-1 for 65% w/w of the nanotubes (Figure 4.2).
All of the films exhibit p-type behavior with Seebeck coefficients S > 0, indicating the dominant
contribution of hole carriers. Pristine PEDOT:PSS gave a Seebeck coefficient of 10.6 μV K-1. For
the blend with 15-50% SWNT-COOH, the Seebeck coefficients at first rose to 44 μV K-1 then
roughly became constant up to a SWNT-COOH load of 65%. The simultaneous increase in the
Seebeck coefficient with increased electrical conductivity leads to impressive power factor (PF)
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increases, with PF ranging over 18-22 μW m-1 K-2 for increased nanotube content. These results
are comparable with studies reported in the literature, such as SWNT/ PEDOT:PSS composite TE
materials - where the SWNT is functionalized - with a highest power factor of 25 μW m-1 K-2.6
For the PEDOT:PSS/SWNT-OH blends, electrical conductivity gradually increased by
raising the nanotube concentration up to 65% w/w. The conductivity climbed to 98 S cm-1 from a
pristine PEDOT:PSS value of 14.3 S cm-1. Seebeck coefficients rose to 42 μV K-1 from 18.5 μV
K-1 for 15-50% SWNT-OH compositions, and then roughly became constant up to a load of 65%
w/w. These gave PF = 0.5-16.2 μW m-1 K-2 as nanotube loads increased (Figure 4.2). The
dramatic enhancement of PFs arises from unusual (for organic TE materials) increases in both
electrical conductivity and Seebeck coefficient.
The electrical conductivities and Seebeck coefficients of samples prepared with SWNTCOOH was higher than those prepared with SWNT-OH, and consequently led to higher power
factors. For most polymeric TE materials, the strong and inverse relation between electrical
conductivity and the Seebeck coefficient usually makes enhancement of power factor very
difficult. However, this approach showed that it is possible to increase the Seebeck coefficient
and electrical conductivity simultaneously so as to achieve a great improvement in power factor.

4.2.2 Surface Morphology Analysis
Electrical conductivity is related to film morphology for organic polymer electronic
materials. In order to correlate surface morphology with the enhancement of electrical
conductivity seen in PEDOT:PSS/SWNT blends, the morphologies of films prepared as pristine
PEDOT:PSS and composites with SWNTs were studied by scanning electron microscopy (SEM).
Results are given in the following discussion. For the images given, darker regions were assigned
to PSS domains while bright regions were assigned to PEDOT and nanotubes.7
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Figure 4.3. SEM images of pristine PEDOT:PSS in 10% (w:w) DMSO. (100 µm white scale
bars at bottom of the picture).

Figure 4.4. SEM images of PEDOT:PSS/SWNT samples with varying percentages (w:w) of
SWNT as SWNT-COOH (top) and SWNT-OH (bottom), with 100 µm scale bar in 10%
(w:w) DMSO. Top right and bottom right show 65% (w:w) of nanotubes with 10 µm scale
bar.

Surface morphology of pristine PEDOT:PSS film seems heterogeneous (Figure 4.3),
showing discrete large grains of PEDOT chains blended well with PSS regions.8 It has been
established elsewhere that insoluble PEDOT-rich domains in a mostly-coil conformation, with
disconnected conducting PEDOT-rich domains, tend to give the low conductivity.9 In films
blended with SWNT-COOH, the polymer particles might push the nanotubes into inter-particle
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regions, giving a segregated and well-defined network during the drying process. Addition of
15% SWNT-COOH decreased the apparent surface inhomogeneity by forming smaller grains of
PEDOT, than without the CNT additive. The much smaller grain size implies a change of
PEDOT chains from a coil conformation to highly linear or expanded coil conformation, induced
by addition of the polar carboxylic acid groups in the SWNT-COOH. Such a conformational
change would favor high charge carrier mobility. However, in the 65% SWNT-COOH blend,
segregated dark microstructures (PSS domains) occur on the composite surface, giving more
phase separation with more interconnected conducting PEDOT grains exposed on the film
surface. This reorientation of the PEDOT chains changing from a coiled conformation to a linear
one gives better charge transport among the PEDOT chains and generates significantly improved
electrical conductivity.
Addition of SWNT-OH decreased the apparent surface inhomogeneity by forming larger
grains of PEDOT chains relative to the surface prepared with SWNT-COOH, but smaller grains
relative to pristine PEDOT:PSS film. Therefore, the degree of PEDOT chain elongation is
apparently lower than what was seen with SWNT-COOH. This is consistent with TE differences
between samples fabricated using carboxylic acid and hydroxyl functionalized SWNT, since the
blend prepared with SWNT-COOH gave a higher PF = 22 μW m-1 K-2 compared to similar loads
of SWNT-OH that gave PF = 16 μW m-1 K-2.

4.3 Conclusions
In summary, segregated networks induced by adding SWNT with polar functional groups
into composites with PEDOT:PSS were studied, and their thermoelectric properties and surface
microstructures were characterized. Composites were made with two different nanotubes, SWNTCOOH and SWNT-OH. These functional groups provide hydrogen bonding to PEDOT:PSS
domains, but also improves the dispersion of nanotubes in the aqueous solution in which the
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polymer is originally found. High electrical conductivities were found in composites with high
amounts of the functionalized nanotubes, where were attributed to elongation and uncoiling of the
PEDOT:PSS chain conformations, and/or phase separation of excess PSS from the PEDOT:PSS
regions, which resulted in better conduction pathways. Overall, the electrical conductivity, the
Seebeck coefficients and, the power factors were enhanced accordingly, giving power factors that
were as good as comparable literature-reported examples of composites prepared from SWNT
and PEDOT:PSS (CLEVIOS PH 500 containing 0.5 wt % PEDOT and 0.8 wt % PSS in water.)
with insulating gum Arabic stabilizer to modify junctions between nanotubes and polymers,
which resulted in a highest power factor of 25 μW m-1 K-2.6 This compares to the best value from
my work which was for PEDOT:PSS/65%SWNT-COOH giving PF = 22 μW m-1 K-2.
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CHAPTER 5
THIOL-ENE CHEMISTRY: A FACILE STRATEGY FOR THE CONSTRUCTION OF
CONDUCTIVE NETWORKS FOR USE IN THERMOELECTRICS
5.1. Introduction
The thiol-ene Click reaction for addition of a thiol across a carbon-carbon double bond
(Figure 5.1) was explored over a century ago,1 and then revisited broadly in this century as a
method for making new materials for electronics, optics, and biological fields. It has been
recently employed for the synthesis of dendrimers,2 biodegradable hydrogels,3 functionalized
block and random copolymers,4 and materials for nanoprint/soft lithography5.

SH +

UV

S

Figure 5.1. Simple thiol-ene Click reaction.
Its simplicity, selectivity, and efficiency make the thiol-ene Click reaction ideally suited
for numerous uses. It attractively differs from conventional free-radical polymerization reactions
in being fast, fairly tolerant of impurities, in being tolerant to many different reaction
conditions/solvents, in having clearly defined reaction pathways/products, in being insensitive to
ambient oxygen or water, in yielding a single regioselective product, in not requiring metal
catalyst, and in giving quantitative yields with simple or no post-reaction clean-up.6
With careful choice of a terminal ene moiety to cure with any thiols, it is feasible to tune
the physical (i.e., conductivity, mechanical strength, etc.), thermal, and chemical properties of the
resultant materials. Therefore, in this chapter I have examined the use of thiol-ene Click
chemistry to prepare novel conductive organic/nanotube composite materials for use in
thermoelectric (TE) applications. To my knowledge, this is the first time this approach has been
tested for TE. After the Click-prepared composites were made, they were p-doped with molecular
iodine (I2) vapor for TE measurements, in a manner similar to that described for the TE studies in
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Chapters 2-4. Both single-wall and multi-wall carbon nanotubes (SWNT and MWNT) were used
as conductive filler and as binder support for the structural integrity of the composites. The aim in
testing these blends was to modify the 3-D cross-linked blends obtained from small organic
molecules by blending carbon nanotube (NT) additives, to retain the pristine (non-NT) Seebeck
coefficients as much as possible while increasing specific electrical conductivity. The obtained
results demonstrate that this methodology does indeed work, but is sensitive to factors beyond
just the blend composition or type of NTs used, including the specific structure of the cross linked
material, the process used for doping, and the morphology resulting from the cross linking
procedure.
5.2. Results and Discussion
5.2.1 Optimizing Cross-Linking Ability of Alkene Linkers with Thiol and Carbon
Nanotubes
For my studies, the typical thiol-ene cross-linked composite starting mixtures used a bisterminal dialkene linker, pentaerythritol tetra(3-mercaptopropionate) (PETMP), varying
weight/weight percentages of SWNT or MWNT, and a catalytic amount of photoinitiator (2,2dimethoxy-2-phenylacetophenone) (DMPA). The mixtures were placed onto the group’s custom
made PTFE sheet having incised sample troughs, and cured using penlight source ultraviolet
irradiation for 1.5 h in a custom-made eye-protecting closed box, followed by heating for 2 h at
~80 C resulted in the formation of the cross-linked films (Scheme 5.1). The dialkene linkers fell
into two groups, those incorporating π-conjugated spacers and those that were essentially nonconjugated flexible spacers (Figure 5.2). Full details are given in the experimental and synthetic
procedures chapter.
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Figure 5.2. Synthesis of disubstituted alkene linkers, thiol cross-linker and photoiniator
studied in this dissertation.

Several of the dialkene linkers were tested for their abilities to be cross-linked in the
presence of conductive filler carbon nanotubes (CNTs) since final composites prepared without
carbon nanotubes are electrically non-conductive without doping. In optimizing conditions for the
production of cross-linked films, the effect of molar ratios between dialkene linkers and PETMP
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cross-linked was examined, also including the presence of CNTs. The optimum ratios allowing
the fabrication of free standing films are summarized in Table 5.1. These initially determined,
optimum ratios for good film preparation were then used for experiments involving altering the
amounts of added SWNT or MWNT. Due to poor dispersion with MWNT, effective cross-linking
could be achieved only with some linkers, and less data was presented for these samples.

1. Sonication & Casting 2. UV curing 3. Heating

CNT

4. Peeling

Thiol

Monomer

Scheme 5.1. Experimental design for thiol-ene cross-linked composites.
Table 5.1. The optimum [Linker/PETMP] molar ratios for the fabrication of free standing
films.
Linker

[Linker/PETMP]SWNT

[Linker/PETMP]MWNT

DMO

1:1

1:1

TMe

1.5:1

N/A

Th

1:1

1:1

BMOB

1.5:1

N/A

EG

1.5:1

N/A

EG400

1:2

N/A

EG4000

1:2*

N/A

b-PEI

1:3*

1:3*

* denotes w:w ratio.
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5.2.2 Thermoelectric Properties of π-Conjugated Dimethoxybenzene Linked Thermosets
with Single Wall Carbon Nanotubes
The thermoelectric properties of the composites using the dimethoxybenzene (DMO) core
with 1.2-1.5 nm SWwNT gave electrical conductivity up to ~0.11 S cm-1 before iodine doping for
23-38% wt loads of nanotubes: Seebeck coefficients were relatively constant over 58 to 67 μV K1

(Figure 5.3). The undoped PF reaches 0.04 μW m-1 K-2 which is somewhat higher than in

undoped blends of MEH-PPV-70k/150k prepared at the similar loads of SWwNT in Chapter 2
(0.01-0.015 μW m-1 K-2). The result is a 3-D network of nanotubes within segregated regions of
the composite originated from effective cross-linking. This network serves as a pathway for
carrier transport, which is strongly affected by the junctions between nanotubes.
The thermoset composites of the DMO linker with SWwNT were also subjected to 21 h
of iodine vapor doping to give conductivity up to 0.96 S cm-1 for 9-38% wt loads of nanotubes.
Seebeck coefficients dropped from a 10% SWwNT value of S = 120 μV K-1 to S ~30 μV K-1
similar to the values for doped composites of MEH-PPV and rr-P3HT with CNTs. PF = 0.09μW
m-1 K-2, similar to SWwNT blends of MEH-PPV-70k prepared from DCE or DCB and doped for
21 h.
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Figure 5.3. Electrical conductivity (σ) and Seebeck coefficient (S) (left), and Power
factors (PF) (right) for the blends of DMO/SWwNT with added weight-% of SWwNT.
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5.2.3 Thermoelectric Properties of π-Conjugated Dimethoxybenzene Linked Thermosets
with Multiwall Carbon Nanotubes
Interestingly, DMO/MWNT blends before iodine doping showed fairly high electrical
conductivity up to ~8.5 S cm-1 for 17-38% w/w loads of nanotubes, although after doping the
conductivity dropped by 40% relative to undoped samples. Another striking result is that all the
MWNT-containing samples showed a negative value of the Seebeck coefficient before doping,
indicating a dominant contribution of electron charge carriers (n-type). Once sufficient iodine pdopants exposure was complete, the composite became hole-dominated, and the Seebeck
coefficients switched to a positive sign (p-type) (Figure 5.4).
The trend for Seebeck coefficients was particularly noticeable for MWNT blends: S = -42
μV K-1 for 17% MWNT, before doping, and at S = -0.8–(-)1.8 μV K-1 for 23-38% MWNT (Figure
5.4). For MWNT loads of 17-28%, S = 26-18 μV K-1 with positive sign after iodine doping for 21
h. As-produced MWNT itself commonly shows a positive Seebeck coefficient, due to oxygen
doping during synthesis.7 But, MWNT internal walls show different charge carrier conduction
from outer walls.8 Electrons are the majority charge carriers along inner walls, which can cancel
out positive contributions from oxygen doped outer walls; this can lead to a negative Seebeck
coefficient in some cases for MWNT.9
Increased magnitude in Seebeck coefficients upon doping is uncommon in
thermoelectrics. Increases can occur due to introduction of suitable energy barriers at domain
interfaces, which is known as energy filtering. The energy barriers allow charge carriers with
higher energy to pass, thereby increasing the mean carrier energy in the flow, which is the
determinant of the Seebeck coefficient.10 The greater proportional enhancement of Seebeck
coefficient in these samples offsets the conductivity reduction to give roughly ~300-fold higher
doped PFs (~0.3 μW m-1 K-2) compared to undoped PFs (~0.001 μW m-1 K-2). Also, the PF results
are comparable to the PFs of the blended films of MEH-PPV-70k/MWNT (0.04 μW m-1 K-2) that
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were iodine-doped for 21 h. Finally, the post-doped PFs were comparable to the iodine doped
DMO-based thermoset samples described in the previous section, with similar loads of SWwNT.
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Figure 5.4. Electrical conductivity (σ) and Seebeck coefficient (S) (left), and Power
factors (PF) (right) for the blends of DMO/MWNT with added weight-% of MWNT.
5.2.4 Thermoelectric Properties of π-Conjugated Tetramethylbenzene Linked Thermosets
with SWwNT
Composites having tetramethylbenzene (TMe) core could be cross-linked in the presence
of SWNT, but not MWNT. Blending 1.2-1.5 nm SWwNT into the TMe linker, followed by crosslinking, gave electrical conductivity up to ~0.04 S cm-1 before iodine doping at 17-38% w/w
loads of the nanotubes. The Seebeck coefficients of the undoped samples lay in the range 67-61
μV K-1. The undoped PF reaches 0.02 μW m-1 K-2, somewhat higher than in undoped blends of
MEH-PPV-70k/150k fabricated from either DCE or DCB for similar loads of SWwNT. The TMebased PFs are two-fold lower versus those with linker DMO at similar SWwNT loads (Figure
5.5).
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Figure 5.5. Electrical conductivity (σ) and Seebeck coefficient (S) (left), and Power
factors (PF) (right) for the blends of TMe/SWwNT with added weight-% of SWwNT.
After 21 h of iodine doping, the electrical conductivity of TMe-based films with 17-38%
SWwNT reached 0.65 S cm-1, a 15-fold increase over an undoped sample. Seebeck coefficients
lay in the range S ~28-30 μV K-1 with upward trend, giving a best PF = 0.06 μW m-1 K-2, which is
much inferior to PFs for doped blends using the linker DMO.
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Figure 5.6. Electrical conductivity (σ) and Seebeck coefficient (S) (left), and Power
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5.2.5 Thermoelectric Properties of π-Conjugated Thiophene Linked Thermosets with
SWwNT
The measured TE properties of thermoset composites having a thiophene core (Th) with
SWwNT are given in Figure 5.6. For 17-44% w/w SWwNT composition in undoped samples,
electrical conductivity increased up to ~0.10 S cm-1. Seebeck coefficients at first rose to 36 μV K1

from 7 μV K-1 as SWwNT were added, and dropped to 8 μV K-1 for 44% SWwNT loads. The

PFs for undoped samples maximized at only 0.0025 μW m-1 K-2 and decreased as SWwNT load
continued to increase.
After 21 h of iodine doping, a simultaneous rise of the Seebeck coefficient and the
electrical conductivity was observed. This could originate from the differences in energy levels of
the π-conjugated core and SWwNT in the composite blends, as described in Chapter 5.2.3, above.
Electrical conductivity reached ~0.12 S cm-1 for 17-44% w/w loads of nanotubes. Seebeck
coefficient first rose to 65 μV K-1 from 48 μV K-1 as SWwNT was added, and dropped to 14 μV
K-1 for a 44% SWwNT load. The doped sample PF maximum was 0.01 μW m-1 K-2, decreasing as
SWwNT load increased. The linker Th gave the lowest PFs with SWwNT among thermoset
samples.
5.2.6 Thermoelectric Properties of π-Conjugated Thiophene Linked Thermosets with
MWNT
As was case with the DMO blends, Th/MWNT blends showed a negative Seebeck
coefficient before doping, and higher electrical conductivity than similar load SWwNT blends
(Figure 5.7). Upon iodine doping, the Seebeck coefficients became positive, like the iodine-doped
blends of DMO/MWNT.
With increasing MWNT, electrical conductivity increased to 9.6 S cm-1 before doping.
But, there was no remarkable change in the conductivity after doping. As shown in Figure 5.7, the
pre-doped Seebeck coefficients for various blends with MWNT were negative, -14 μV K-1 to -5
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μV K-1. After doping S = 6.3-6.4 μV K-1 for the loads of 23-28% MWNT. The PFs for doped
samples reached a maximum of 0.04 μW m-1 K-2, similar to the blended films of MEH-PPV70k/MWNT (0.04 μW m-1 K-2) doped for 21 h. The improvement of conductivity outweighs the
Seebeck coefficient decrease to give roughly four orders of magnitude higher doped PFs for these
materials from MWNT compared to SWwNT.
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Figure 5.7. Electrical conductivity (σ) and Seebeck coefficient (S) (left), and Power
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5.2.7 Thermoelectric Properties of Non-Conjugated Bis-Methyleneoxyenzene Linked
Thermosets with SWwNT
In addition to π-conjugated linkers, non-conjugated linkers blended with carbon NTs
were also photo-crosslinked and their resultant thermoelectric properties evaluated. The linker
using a 1,4-bis(methyleneoxybenzene) (BMOB) core was blended with SWwNT and subjected to
the usual TE testing, before and after doping. Before doping, as nanotube content increased,
electrical conductivity increased to 0.01 S cm-1 before doping (Figure 5.8). Seebeck coefficients
trended downward from 82 to 58 μV K-1. The maximum PF = 0.005 μW m-1 K-2 at 28% load.
Doping in BMOB thermoset blends increased conductivity to 0.95 S cm-1 at 28% SWwNT load
and gave Seebeck coefficients in the range of 23-27 μV K-1, with a best PF = 0.05 μW m-1 K-2.
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Figure 5.8. Electrical conductivity (σ) and Seebeck coefficient (S) (left), and Power
factors (PF) (right) for the blends of BMOB/SWwNT with added weight-% of SWwNT.
5.2.8 Thermoelectric Properties of Non-Conjugated Ethylene Glycol Linked Thermosets
with SWwNT
A non-conjugated linker with an ethylene glycol (EG) core was blended with with
SWwNT and photo-crosslinked, and its TE properties were studied (Figure 5.9). As SWwNT
content increased for undoped samples, electrical conductivity reached ~0.35 S cm-1 for 17-38%
NT loads. Seebeck coefficients dropped to 41 μV K-1 from 68 μV K-1 over 17-28% SWwNT, and
then rose to 53 μV K-1 at 38% load. The maximum PF = ~0.1 μW m-1 K-2 a bit higher than
undoped blends of MEH-PPV-70k/150k with SWwNT (0.01-0.015 μW m-1 K-2), and similar to
doped samples of MEH-PPV-70k/SWwNT (0.01-0.10 μW m-1 K-2) or undoped samples of raP3HT/SWwNT (0.09 μW m-1 K-2) at the similar NT loads.
After iodine doping, electrical conductivities rose to ~1.9 S cm-1 with increasing
SWwNT. Seebeck coefficients ranged from 25-32 μV K-1 for 17-28% NT loads. Doped PF
reached 0.19μW m-1 K-2 is similar to blends with MEH-PPV-70k prepared from DCE and blends
of MEH-PPV-150k prepared from DCB, for similar loads of SWwNT doped for 20 h.
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Figure 5.9. Electrical conductivity (σ) and Seebeck coefficient (S) (left), and Power
factors (PF) (right) for the blends of EG/SWwNT with added weight-% of SWwNT.
5.2.9 Thermoelectric Properties of Non-Conjugated PEG400 Linker with SWwNT
Thermoset blends of SWwNT with a non-conjugated linker based on PEG400 core were
investigated for TE properties (Figure 5.10). Undoped electrical conductivity reached ~0.32 S cm1

for 9-38% w/w NT loads. Seebeck coefficients reached 61 μV K-1 for a 38% NT load. A

maximum PF = ~0.12 μW m-1 K-2 was obtained.
After doping, electrical conductivity reached 8.8 S cm-1 while Seebeck coefficients
trended downward to a range of 34-25 μV K-1 for 9-38% NT loads. The best PF = 0.55 μW m-1 K-2
which is comparable to doped blends of MEH-PPV-70k/150k (0.01-0.4 μW m-1 K-2) and doped
blends of ra-P3HT/SWwNT (0.49 μW m-1 K-2) prepared at similar SWwNT loads.

5.2.10 Thermoelectric Properties of Non-Conjugated PEG4000 Linker with SWwNT
As an extension of the PEG400 non-conjugated linkers, an analogous thermoset blend
with 90 repeating units, PEG4000 was blended with SWwNT by photo-crosslinking, and its TE
properties evaluated (Figure 5.11). Electrical conductivity reached ~3.2 S cm-1 before iodine
doping, but only ~5 S cm-1 after doping for 17-50% wt loads of nanotubes. Before doping the
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Seebeck coefficient S = - 59 to -46 μV K-1, and after doping it was relatively stable 23-27 μV K-1
for the loads of 17-50% SWwNT.
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The somewhat surprising, negative Seebeck coefficients with blends of SWwNT before
doping imply a main contribution of electron carriers (n-type) which change to hole-dominated
(p-type) after doping. Polymers containing electron-donating groups -- typically amine-rich
polymers such as poly(ethyleneimine) (PEI) as described below -- can show relatively stable ntype doping effects.11 PEG4000 has numerous electron-donating ether groups that might shift its
Fermi energy upward to give initial n-type behavior.
The undoped blends gave a maximum PF of 0.68 μW m-1 K-2. Doping actually decreased
the PFs to 0.32 μW m-1 K-2 at the highest load of SWwNT due to decreased Seebeck coefficients
and shallow increase in electrical conductivity. However, this doped PF is still higher than for
doped blends of MEH-PPV-70k/SWwNT (0.01-0.10 μW m-1 K-2) or of MEH-PPV-150k/SWwNT
prepared in DCB (0.20 μW m-1 K-2) for the similar loads of SWwNT.
As the length of ethylene glycol spacer increases in the ethylene glycol series (1, 9 and 90
repeating units, respectively), the PFs improved gradually over 0.10-0.68 μW m-1 K-2 for the
undoped samples, and doped PFs only over 0.19-0.32 μW m-1 K-2 with the exception of PEG400
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(0.55 μW m-1 K-2). For PEG4000 efficient dispersion of individual nanotubes may be giving
better pathways for carrier transport.

5.2.11 Thermoelectric Properties of Non-Conjugated b-PEI Linked Thermosets with
SWwNT
I also studied the thermoelectric properties of composites prepared from functionalized
branched polyethylene imine (b-PEI) as thermoset composites with SWwNT. The results are
given in Figure 5.12.
Although p-type organic materials are common in organic TE, n-type organic electronic
materials have not attracted much attention due to difficulties in synthesis, and in n-doped
stability for the many organic systems with low electron affinities of -3 to -4 eV.12 A few n-type
organic TE materials has been reported, such as vapor doped fullerenes13 and organometallic
poly(nickel 1,1,2,2-ethenetetrathiolate).14 Pristine SWNTs show p-type majority charge carriers,
but can be converted into stable n-type by noncovalent functionalization with nitrogen-containing
electron-donors such as polyethyleneimine15 and reduced benzyl viologen.16 However, solutionprocessing for these materials is challenging. For extension of my thermoset method to
fundamentally n-type carrier systems, the b-PEI functionalized SWwNT proved to be compatible
with the photo-crosslinking procedure, without necessity of an auxiliary polymer or a surfactant
to make a free-standing composite film.
First, b-PEI was functionalized with appended styrene side chains (Figure 5.2), and then
the resulting photo-active polymer was cross-linked in the presence of varying weight ratios of
SWwNT. As SWwNT content increased, undoped samples gave conductivities up to 1.75 S cm-1
for 17-44% w/w NT loads. As expected, the undoped blends showed n-type, relatively high and
negative Seebeck coefficients in the range of -74 to -81 μV K-1 for NT loads of 17-44% SWwNT.
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The undoped blends gave maximum PF = ~1.11 μW m-1 K-2, higher than doped blends of
MEH-PPV-70k/150k with SWwNT (0.01-0.40 μW m-1 K-2), or doped blends of raP3HT/SWwNT (0.49 μW m-1 K-2).
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Figure 5.12. Electrical conductivity (σ) and Seebeck coefficient (S) (left), and Power
factors (PF) (right) for the blends of b-PEI/SWwNT with added weight-% of SWwNT.
However, after doping the electrical conductivity decreased by 40% to 1.1 S cm-1 at the
highest NT load. The charge carrier behavior after doping switched to hole-dominant, with
positive Seebeck coefficients in the range of 32-54 μV K-1 for NT loads of 17-44%. The postdoping simultaneous reduction in conductivity and Seebeck coefficient greatly reduced PFs to
0.20 μW m-1 K-2 as the SWwNT load increases, although these remain comparable to results for
the MEH-PPV composites with SWwNT.

5.2.12 Thermoelectric Properties of Non-Conjugated b-PEI Linked Thermosets with
MWNT
Before doping, photo-crosslinked blends of b-PEI/MWNT gave relatively high electrical
conductivity up to ~6.4 S cm-1 for loads of 17-38% SWwNT (Figure 5.13). The samples showed
n-type behavior with negative Seebeck coefficients between -21 and -11 μV K-1 for NT loads of
17-38%. These undoped blends gave a maximum PF = 0.12 μW m-1 K-2.
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As was the case with the b-PEI composites with SWwNT, the electrical conductivity for
these MWNT including composites decreased sharply after iodine doping to 3.4 S cm-1 for the
highest load of nanotubes. The Seebeck behavior became hole-dominant with positive Seebeck
coefficients of 20-16 μV K-1 for MWNT loads of 17-23% MWNT were added; then S trended
downward to 4 μV K-1 for the loads of 38-44%. Due to simultaneous decline in conductivity and
Seebeck coefficient, the PFs of doped blends reached only 0.04 μW m-1 K-2 and decreased as
MWNT load continued to increase.
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5.2.13 Surface Morphology Studies for Thermoelectric Thermoset Composites
To investigate the degree to which CNTs are dispersed in the cross-linked thermoset
composites, scanning electron microscopy (SEM) was performed on a sample that contained 28
wt% SWNT or MWNT. I found phase-separated inhomogeneities that differed with the structure
of dialkene linkers used. The varying inhomogeneities can be associated with TE performance
differences between samples.
Dispersion is an essential issue for CNT-containing composites to achieve desired TE
properties. Generally, electrical conductivity is strongly affected by NT dispersion, because this
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controls the number and nature of junctions between NTs, and interactions at phase interfaces
between nanotubes and polymers. The composites obtained by the photo-crosslinking method
have limited interpolymer space for the NTs to fill. The result is a 3-D segregated network
between NTs and the cross-linked matrix. But, the cross-linked dialkene phases are insulators (or
at best have quite limited conductivity), so electrical conduction occurs mostly through interSWNT contacts.
SEM images of doped cross-linked films made with the DMO linker and 28% w/w of
SWwNT are shown in Figure 5.14 (top row). They all show heterogeneous 3-D network white
regions, attributed to NTs within large segregated microstructures that are partially embedded
into the surface. This morphology should facilitate electrical conduction. SEM images suggest
that individual SWwNT (speckled regions) were randomly dispersed in the conductive network.
The morphology of a doped thermoset film prepared from DMO linker and 28% w/w of
MWNT was also investigated (Figure 5.14, bottom row). SEM showed a cross-linked network
with stick-like segregated microstructures (with average length of 15 µm and width 0.5 µm)
partially buried into the film. The lower magnification image showed a well-dispersed network of
MWNT microstructure in the composite. The formation of large structures is consistent with the
MWNT being forced out of the cross-linked polymer phases as the latter forms. The MWNT are
already challenging to disperse in this procedure, which probably contributes to the large feature
sizes.
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Figure 5.14. SEM images of iodine doped sample of DMO based thermoset with 28% (w/w)
of SWwNT having 100, 10 and 5 µm scale bars (top row); and the same sample composition
with 28% (w.w) of MWNT having 100, 10 and 3 µm scale bars (bottom row).

Figure 5.15. SEM images of iodine doped sample of TMe based thermosets with 28% (w/w)
of SWwNT. See 100 and 4 µm scale bars.

When the linker was switched a bulky substituent core TMe, and blended with 28% w/w
of SWwNT, the SEM surfaces appeared grainy with some inhomogeneity (Figure 5.15). CNTs
appear to be well embedded in the film with less segregation than for DMO. The lower
magnification image shows a fairly evenly distributed network. Apparently the SWwNT could
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find enough more regions to occupy in the thermoset from the cross-linked, sterically hindered
TMe based material.
Use of the relatively small, planar thiophene core in the linker resulted gave a completely
different appearing surface morphology at a similar load of CNTs. Use of the Th linked dialkene
with 28% w:w of SWwNT gave a thermoset with smooth surface, widespread marbling and
speckled morphology covering the surface with extensive networks (Figure 5.16, top row). The
higher magnification image suggests formation of a well-segregated network of SWwNT.
Use of 28% MWNT in the composite prepared from the Th linker gave a rough,
inhomogeneous surface, including some stick-type structures (~10 µm) as well as widespread
marbling and speckling of an extensive phase-segregated NT network (Figure 5.16, bottom row).
In the lower magnification image, these stick-type structures were surrounded by CNTs.
For comparison to the surface morphologies of the thermoset 3-D networks made with
the π-conjugated linkers, the surface morphologies of samples prepared from non-conjugated
linkers with 28% w:w of CNTs were also studied.
A doped film prepared using the semi-rigid BMOB core with 28% w:w of SWwNT
showed a smooth and continuous surface with some speckling (Figure 5.17). There were few
CNT on the surface, implying that the cross-linked matrix effectively wraps around CNTs to
embed them well into the film. With enhanced contrast, one can see networks that presumably
arise from segregated CNT phases, which are much better dispersed than in thermosets from rigid
-conjugated core linkers.
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Figure 5.16. SEM images of iodine doped sample of Th based thermoset with 28% (w/w) of
SWwNT (top row) and the same sample composition with 28% (w/w) of MWNT. See 100
and 10 µm scale bars (bottom row).

Figure 5.17. SEM images of iodine doped sample of BMOB based thermoset with 28% (w/w)
of SWwNT. See 100 and 10 µm scale bars.
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For a thermoset sample made with the flexible ethylene glycol (EG) core unit and 28%
w/w of SWwNT, the SEM image showed well-dispersed but discrete large grains of CNTs with
cross-linked of segregated morphology (Figure 5.18, top row). At higher magnification the grains
appear as nanosquares of nearly uniform size, ~165 nm on an edge.
Elongation core moiety by 9-times to PEG400 in a composite containing 28% w:w of
SWwNT gave a thermoset with increased surface inhomogeneity. SEM showed interconnected
wires (average length ~1 µm) and bead-like features of average diameter ~100 nm (Figure 5.18,
middle row). A well-dispersed phase-segregated CNT network embedded in the composite was
clearly established.
For a nonconjugated, flexible core with a 90-fold longer spacer, PEG4000, cross-linked
with 28% w/w of SWwNT, SEM showed large featureless regions that are interconnected by
smaller “threads” (Figure 5.18, bottom row). Again, the flexible core cross-linked material with
CNTs gave highly connected network morphology, but a coarser one than some of the others.
SEM for a thermoset sample using cross-linkable branched polyethylene imine (b-PEI)
blended with 28% w:w of SWwNT, exhibited a rough and grainy surface with some speckling
shown by lower magnification (Figure 5.19, top row). But, higher magnification showed that the
film surface is nearly covered by tangles of nanowires, forming a well-connected network. The
formation of the CNT network structures is probably due to improved compatibility between the
SWwNT and the polymer, giving better dispersion of the SWwNT after cross-linking.
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Figure 5.18. SEM images of iodine doped sample of EG (top row), PEG400
(middle row) and PEG4000 (bottom row) based thermosets with 28% (w/w) of SWwNT.
See 100, 5 and 4 µm scale bars.
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Figure 5.19. SEM images of iodine doped b-PEI with 28% (w/w) of SWwNT (top row) and
the same composition sample with 28% (w/w) of MWNT. See 100 and 10 µm scale bars
(bottom row).

Use of b-PEI cross-linked in the presence of 28% w:w of MWNT gave a grainier and
more porous surface with speckling, relative to the sample at the similar load of SWwNT (Figure
5.19, bottom row). But, again, the magnified image showed the surface to be nearly covered by
well-interconnected sponge-like network.
Grunlan et al.17 have described a segregated-network polymer system for which TE
behavior of CNT filled composites could be simultaneously altered due to thermally
disconnected, but electrically connected energy carrier pathways. The composite blends obtained
in my study by photo-crosslinking gave apparently similar surface morphologies.
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5.3 Conclusions
The versatility of the thiol-ene Click reaction was highlighted by using a library of crosslinkable linkers to make thermoelectric composites with carbon nanotubes (CNTs). I attempted to
fabricate photo-crosslinked thermoelectric composites with a segregated microstructure. To
improve thermoelectric performance, CNTs was blended as fillers to form conductive networks.
The maximum obtained power factor was ~1 μW m-1 K-2 by these cross-linked systems. A variety
of distinct surface morphologies with segregated structures were obtained, consistent with
differences in TE performances that were observed. Nevertheless, the PFs for all of these
composites are currently too low for consideration as practical thermoelectric materials. Their
electrical conductivity needs to be higher compared to conductive polymers. However, their PFs
were higher than the blends of MEH-PPV-70k/150k with either SWwNT or MWNT under the
similar conditions. The performance for these materials might be improved particularly by
switching to more conductive nanotubes (SWnNT), which substantially improved PF
performance for both MEH-PPV and P3HT composites described in Chapters 2, 3, and 4. The
results shown here therefore should be considered primarily -- but strongly -- a proof of concept
toward developing high performance thermoelectric networks using the thiol-ene thermoset
technique.
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CHAPTER 6
SMALL MOLECULES FOR HIGH LIGHT ABSORPTIVITY
6.1 Introduction
6.1.1 Push-Pull Molecules and Intramolecular Charge Transfer (ICT)
The term ‘push-pull’ or ‘donor-acceptor’ has been used to define conjugated compounds
that have an electron donor group (D) and an electron withdrawing (A) group connected to each
other through π-conjugated spacers. Intramolecular charge transfer (ICT) interactions are
common in such π-systems (Figure 6.1). Upon photoexcitation, ICT occurs from donor to
acceptor through the π-bridge. Such systems have attracted much attention for their
optoelectronic properties, especially in nonlinear optical (NLO) devices,1-3 organic light-emitting
diodes (OLEDs),4-6 optical imaging of living tissues,7 organic photovoltaic cells8,9 and optical
data storage devices10. These materials have electron donors (D) and acceptors (A) arranged in
either symmetrical A-π-D-π-A, D-π-A-π-D or asymmetrical D-π-A chromophore connectivities,
where “π” represents a conjugating unit.11

Scheme 6.1. Basic mechanism of intramolecular charge transfer (ICT).

Many π-conjugated push-pull type small molecules, oligomers and polymers have been
synthesized for testing in organic electronic applications. Among these, small molecules have
attracted much interest because of several key advantages over polymeric molecules:12 (1) the DA small molecules are easily and reproducibly synthesized, functionalized, and purified, which
greatly improves fabrication reproducibility; (2) they have a greater tendency than polymers to
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self assemble into ordered domains to provide higher charge carrier mobilities; (3) they have
well-defined molecular structures; (3) intramolecular charge transfer (ICT) from donor to the
acceptor structures inside a D-A molecule decreases band gap and tunes absorption into better
matching a desired spectral feature; (4) HOMO and LUMO energy levels and band gap can be
synthetically tuned using many electron-donating and accepting substitutions. Extended πconjugation reduces absorption band gaps and increases absorption cross sections for longer
wavelength light, which can allow a material to absorb very strongly well into the visible and
NIR spectral region. As a result of increased absorption cross section, the molar absorption
(extinction) coefficients are also enhanced.
6.1.2 High Molar Extinction Coefficient Molecules
Among various π-conjugated molecules, dye-based molecules are commonly used in
optoelectronic applications such as organic solar cells (OSCs) and dye sensitized solar cells
(DSSCs). The sensitizers or dyes with enhanced molar extinction coefficient can harvest high
amounts of light, allowing a decrease in film thickness for the same absorptivity, and therefore
results in more efficient performance.13 Recently, DSSCs have attracted much attention for their
variety and use of high molar absorptivity organics instead of Ru dye complexes. For instance, an
indoline dye with a molar absorptivity of 68700 M-1 cm-1 was used to make a DSSC with 8%
power conversion efficiency; the dye absorptivity is five times higher than that of the
conventional high-efficiency Ru dye (13900 M-1 cm-1).14
Many different dyes have been considered potential materials in OSC and DSSCs such as
pyridiniums,15 squaraines,16 merocyanines,17 diketopyrrolopyrroles,18 borondipyrromethenes
(BODIPY)19 and perylenediimides (PDI).20 Some examples are shown in Figure 6.1 with their
molar absorptivities. Using donor and acceptor structures bridged by a π-conjugated linker (D-πA) is an efficient way to design and build organic dye molecules with higher molar extinction
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coefficients and broader spectra. One common strategy is to make the π-chromophore more rigid
by tuning the length and torsion angle in the conjugated linker. As part of enhancing molar
absorptivity as well as to realize panchromatic light-harvesting, controlling the length and torsion
angle of the conjugated linker is important to gain increased electron delocalization.21
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Figure 6.1. Some examples of the dyes used in OSCs and DSSCs with high molar
absorptivities.

6.1.3 Viologens
Viologens are a class of organic electrochromic molecules which are formally named as
the 1,1’-disubstituted-4,4’-bipyridinium salts formed by the diquaternization of 4,4’-bipyridine
(Figure 6.2).22 The most common of the viologens is 1,1’-dimethyl-4,4’-bipyridinium, is often
known as methyl viologen or paraquat as shown Figure 6.2. Methyl viologen is poisonous, and
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used as an herbicide. Viologens have been extensively used in photovoltaic cells,23 sensors,24
electrochromics,25 field-effect transistors,26 redox mediators27 and molecular wires.28

R N

N R

Figure 6.2. General structure of viologen.
Recently, viologens have attracted great attention in building electrochromic display
devices due to their electrochemically reversible behavior and visible color change between redox
states. Such special reversibility and redox behavior also led to viologens being widely
recognized as redox mediators in a range of biological processes.29 Viologens are strong reducing
agents and can be used as electron carrier molecules for photochemical reactions.30 Kamat et al.
have shown that reduced viologens can transfer electrons to semiconducting single-wall carbon
nanotubes (SWNT).31 In a more recent study, Lee and coworkers demonstrated that adducts of
viologen-SWNT can be stable n-dopants at ambient conditions.32
Viologens have three oxidation states with distinct colors: colorless dication V+2, violet
radical cation V•+, and yellow neutral V0. All three redox‐states can be interconverted in an
electrochemical environment by single electron transfer reactions (Figure 6.3). Of the three
common redox forms, the bipyridinium dication is the most stable and colorless unless optical
charge transfer with the counter anion occurs. Upon single electron reduction, the highly stable
radical cation is formed. Stability is attributed to delocalization of the radical electron over the πsystem, with the 1,1’-substituents bearing some of the charge. In contrast to the bipyridinium
dication, the radical cation is highly colored with high molar absorption coefficients due to
intramolecular charge transfer between the positively charged and zero valent nitrogens.22 The
color observed in the radical cation can be tuned by substituting the nitrogens with various alkyl
and aryl groups, for example, the radical cations containing short alkyl chains are blue/violet. The
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neutral species can be formed by either the one-electron reduction of the respective radical cation
or the two-electron reduction of the dication. It shows weak color intensity, since no optical
charge transfer or internal transition corresponding to visible wavelength is accessible.
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Figure 6.3. Electrochemistry of viologen.
Insertion of π-conjugated bridges between two pyridinium rings leads to ‘extended
viologens’ (EV), which showed improved the electron-acceptor properties of the molecule. These
molecules have different skeletal structures from conventional ones resulting in stable radical
cations is of ongoing significance for organic electronics. π-conjugated fragments such as
phenylene,33 biphenyl,34 thiophene,28 furan,28 and polyene35 units have been placed between the
pyridinium rings (Figure 6.4). Such compounds are therefore synthetically accessible, highly
stable, and often have intense absorptions in the visible region – and therefore dye-like behavior –
with reversible electrochemical properties. Also, they offer possibilities to modulate
electrochemical and spectroelectrochemical response of new electron acceptors, with typical
acceptor–donor–acceptor (A-π-D-π-A) design.
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Figure 6.4. Structures of reported extended viologen examples with molar
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6.2. Results and Discussion
One of the main targets for my work was to synthesize new pyridinium and extended
viologen molecules capturing light in the visible portion of the solar spectrum with high molar
absorptivity (Figure 6.5). As described above, compounds with electron-donating and electronaccepting units linked through π-conjugation -- and resulting intrinsic intramolecular charge
transfer (ICT) character -- are promising candidates to achieve this. Figure 6.5 shows the
structures that I targeted.
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6.2.1 Synthesis
To utilize the D-π-A or A-π-D-π-A molecular architecture strategy in designing new
highly light absorbable, I developed a set of pyridinium or bis-pyridinium (extended viologen)
based compounds 1-18 (Figure 6.5) using a modular approach, where pyridinium or bispyridinium was used as electron acceptor module in all molecules. Pyridinium systems with
strong electron-accepting nature are promising compounds due to their thermal stability,36 high
luminescence,37 excellent electron transporting behavior,38 and general resistance to oxidation.39
The potential utilities for the extended viologens were described earlier. Overall, a group of 18
pyridinium or bis-pyridinium derived D-A small molecules were designed, synthesized, and
characterized.

Scheme 6.2. General molecular strategy in the design of pyridinium and extended viologen
push-pull molecules.

The synthesized push-pull molecules fall into three groups in terms of connectivity:
symmetric A-π-D-π-A molecules with short π-conjugation, symmetric A-π-D-π-A molecules with
extended π-conjugation, and asymmetric D-π-A molecules (Scheme 6.2). Various structures were
used as push (D) units and/or conjugated linkers (π), including oligo p-phenylvinylene (PPV),
naphthyl, anthryl, thiophene, EDOT, pyrrole, dianisylamine and pyrene.
π-Conjugated heteroarylene structures can be built via Knoevenagel reaction between an
aldehyde and activated methyl derivatives of pyridinium or other nitrogen heteroaromatics.40 The
advantage of the Knoevenagel reaction over Heck and Wittig reactions -- which can give similar
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structures -- is that the Knoevenagel is an easy and simple reaction to run, without expensive
transition metal catalysts (that can be product contaminants), that gives only water as a side
product. Moreover, trans-alkenes are regiospecific products of this reaction, unlike the mixture of
cis/trans-alkenes typical of the Wittig reaction.
In the general procedure for target molecules in this dissertation, N-hexylpyridinium
bromide and an aryl mono- or dialdehyde were simply heated under reflux in EtOH in the
presence of a catalytic amount of piperidine. Asymmetric D-π-A molecules were readily
synthesized from commercially available mono-aldehydes with exception of compounds 8 and 9
in Figure 6.5. The synthesis of the required mono-aldehydes for the compounds 8 and 9 is
described in the chapter of experimental and synthetic procedures.
A set of six bis-pyridinium (or extended viologen) molecules was planned for outwards
symmetrical assembly from a central phenylene chromophore having different donor substituents
including dimethyl, dimethoxy and tetramethyl groups. The required intermediate bis-aldehydes
for Knoevenagel condensation are shown in Figure 6.6.
In Figure 6.6, initially the 1,4-disubstitutedbenzenes were bis-bromomethylated in glacial
acetic acid solution with paraformaldehyde and hydrogen bromide, then the resulting dibromide
was converted to the corresponding terephthalaldehyde by a Sommelet or Hass-Bender reaction
in good yields of 84-99%. Polycyclic naphthalene-1,4-dicarboxyaldehyde was obtained by HassBender reaction with 71% yield, after a bis-bromomethylation reaction using Nbromosuccinimide (NBS) chemistry. Similarly, anthracene-9,10-dicarbaldehyde was obtained
from 9,10-bis(bromomethyl)anthracene in high yield (90%). Subsequent Knoevenagel
condensation reactions gave the target compounds 1-6 of Figure 6.5 in good yields of 78-85%.
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Figure 6.6. Synthesis of bis-aldehyde intermediates needed for the synthesis of compounds
1-6 in Figure 6.5.

The compounds 7 and 10-13 were synthesized using commercially available monoaldehydes (Figure 6.7). The required mono-aldehyde for the compound 9 was obtained by
Vilsmeier-Haack procedure with dry DMF and POCl3. For the mono-aldehyde required for the
compound 8, two successive Buchwald type N-arylations gave the corresponding aldehyde.
Five extended viologens -- three having a central dihexyloxy phenylene and two having a
central thiophene unit -- were synthesized in several steps by Knoevenagel condensation of
dialdehydes made as shown in Figure 6.8. Extended π-conjugation of the systems 14-16 with a
central dihexyloxy phenylene unit was carried out by the insertion of additional phenylene and
heteroaromatic thiophenes and EDOT units. Analogously, EDOTs and pyrroles were inserted as
part of a second set of molecules, 17-18, based on a central thiophene unit.
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For 14-16, starting with a central ring that has dihexyloxy chains, the solubility of the
system is sufficient for testing and processibility. Then, an appropriate bis-phosphonate ester was
prepared as shown in Figure 6.8 using bis-bromomethylation with paraformaldehyde and
hydrogen bromide in acetic acid, followed by an Arbuzov reaction with triethylphosphite that
gave high yields up to 99%. Chain extension was then carried out using mono-aldehyde
substituted phenylene, thiophene and EDOT derivatives using a Horner-Wadsworth-Emmons
(HWE) procedure to give bis-styrylbenzene, bis-thienylvinylenebenzene, and bis-EDOTbenzene,
respectively in good yields of 68-75%. The necessary bis-aldehyde intermediates of thiophene
and EDOT derivatives for the final step were obtained in high yield (85-95%) using a VilsmeierHaack procedure with dry DMF and POCl3. The deprotection of the acetal groups in phenylenebis-styryl molecule gave the desired aldehyde intermediate needed to carry out the final
Knoevenagel condensation giving the desired D-A-D modules 14-16 in Figure 6.5.
For the thiophene core molecules, bis-phosphonate ester substituted thiophene was
prepared using a bis-bromomethylation reaction with paraformaldehyde and hydrogen bromide in
acetic acid, followed by Arbuzov reaction with triethylphosphite. The resulting compounds were
then coupled with N-methylpyrrole monoaldehyde or EDOT monoaldehyde by an HWE reaction
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to give bis-pyrrolevinylenethiophene and bis-EDOTvinylenethiophene in moderate yields (6168%). The Vilsmeier-Haack reaction was then used to get the needed bis-aldehydes (Figure 6.8)
needed to carry out Knoevenagel condensation in the last step to get 17-18 in Figure 6.5.
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Figure 6.8. Synthesis of bis-aldehyde intermediates for the compounds 14-18 in Figure 6.5 a)
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6.2.2 Spectral Characterizations of Pyridinium and Extended Viologens
The optical and (and later described electrochemical) properties of all of the target
compounds 1-18 from Figure 6.5 are compiled for comparison in Table 6.1. Although the
molecules studied are structurally fairly simple, they possess essential desired optical properties,
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as they were designed to do. They absorb light in the visible region between 300 nm and as far
out as 700 nm with high molar absorptivity. The extended conjugation systems are resistant to air
oxidation due to the electron withdrawing pyridinium moiety. The absorption spectroscopic
behavior of the push-pull molecules provided insight about their excited state natures, especially
intramolecular charge transfer (ICT) character and its variation as a function of the donor
strengths of the different modules while the acceptor pyridinium or extended viologen structures
were held constant.
The various electronic absorption spectra displayed two main bands. The shortest
wavelength bands are attributable to π → π * transitions, whereas the long-wavelength bands
generally characterized by higher molar extinction coefficients are attributable to intramolecular
charge transfer (ICT) transitions.41 The spectral solvatochromism was extensively investigated. If
the compound ground state is more stabilized than the excited state due to solvation by solvents
of increasing polarity, a negative solvatochromism (blue shift) will be observed. If vice versa,
then a positive solvatochromism or red shift will be observed. In a system where ICT can occur
between a donor and an acceptor unit within the same molecule, an electronic transition induced
by light excitation can lead to a substantial change in the dipole moment. 42,43 The change in
dipole moment from ground to excited state should, therefore, be expected to yield
solvatochromism when ICT or a similarly high dipole change transition occurs. The
solvatochromic absorption spectral results using various solvents of different polarities
(dichloromethane = DCM, chloroform = CHCl3, MeOH, MeCN, DMSO and H2O) are
summarized in Table 6.2.
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Table 6.1. Optical and electrochemical properties of pyridinium and extended viologen
push-pull molecules 1-18 in Figure 6.5.

a: CHCl3, b: MeCN
Initially, these molecules were photophysically characterized in solution. Compounds 1-4
having symmetric A-π-D-π-A design with short π-conjugation are derivatives linked by oligo pphenylenevinylene with different phenylene substitution. Absorption and emission spectra are
shown in the moderately polar solvent methanol (Figure 6.9). The unsubstituted compound 1,
gave λmax at 355 nm and 401 nm in DCM and DMSO, respectively. The substitution of electron
donating groups into the chromophore phenylene unit shifted both absorption maxima to longer
wavelengths. In the less polar solvent DCM, 1-4 showed absorbance with peak maxima at
progressively longer wavelengths following the trend of increasingly electronic π-donor ability:
unsubstituted > dimethyl > tetramethyl > dimethoxy. In more polar DMSO, the same order of
absorption maxima was observed except that compound 3 showed its maxima at the lower
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wavelengths relative to others: this is attributed to steric torsional deplanarization of the
chromophore caused by the bulky tetramethyl substituents.
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Figure 6.9. Normalized absorption (left) and emission (right) spectra for the compounds
1-6 in methanol.

Table 6.2. Absorption and fluorescence properties of pyridiniums and extended
viologens in various solvents.
Compound
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

max
DCM
Abs/Fl
355/508
368/488
371/486
486/604
436/550
473/626
514/557
510/598
428/500
454/522
401/573
472/598
418/557
498/719
554/744
609/763
617/757
619/755

max
CHCl3
Abs/Fl
354/509
366/472
360/481
472/609
416/554
493/587
497/533
509/589
427/491
455/524
402/557
471/589
418/533
495/640
550/675
597/722
602/729
568/712

max
MeOH
Abs/Fl
374/473
383/489
358/496
463/588
412/538
467/621
478/566
489/595
415/504
445/528
385/576
437/595
400/566
471/648
526/731
571/742
576/742
589/739

max
MeCN
Abs/Fl
393/475
391/490
352/504
458/592
411/539
462/621
473/567
475/598
411/507
438/529
382/590
432/598
395/567
486/745
517/734
565/746
572/760
582/747

max
DMSO
Abs/Fl
401/482
410/499
342/507
462/597
420/547
458/625
476/572
474/596
414/513
441/531
384/577
436/596
402/572
475/669
525/737
572/756
578/725
587/730

max
H2O
Abs/Fl
370/471
376/490
338/504
445/588
396/537
458/624
451/566
461/601
403/505
427/522
366/568
433/601
390/566
-/-/-/-/-/-

Peak positions are given for the longest wavelength maximum in each solvent.
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The substituent groups greatly affected the emission spectra. The broad fluorescence
spectra of compounds 1-4 were nearly panchromic across the visible region from blue to red, as
shown in Figure 6.9. While these compounds appeared colorless, yellow and orange to the naked
eye depending on the strength of donor groups, they became fluorescent upon shining light. The
unsubstituted compound 1 showed emission maxima at 508 nm and 482 nm in DCM and DMSO,
respectively. For emission spectra in DCM, the maxima are blue-shifted to λmax = 486 nm relative
to unsubstituted compound 1 (λmax = 508 nm) as the electron donating strength of the substituent
increases. However, the opposite trend was noted, with a shift in emission maximum from 482
nm to 597 nm for the same compounds when using the more polar solvent DMSO. The reversal
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Figure 6.10. Solvatochromism in absorption (left) and emission (right) spectra for the
compounds 1-6.
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Absorbance (and emission) versus polarity index were plotted to determine the type of
solvatochromism for the compounds 1-6 (Figure 6.10). Polarity indexes were all taken from
Reichardt`s compilations.44 From spectra obtained in solvents of different polarity, it was
determined that compounds 1-2 showed red shifted ICT absorption with increasing the solvent
polarity, while compounds 3-4 showed blue shifted ICT absorption. A red (positive) shift
indicates that the dipole moment in the excited state is larger than in the ground state, while a
blue (negative) shift indicates that the ground state is more polar than the excited state.44 For the
fluorescence spectra with increasing solvent polarity, 1 and 4 showed blue shifted emission
maxima, while 2 and 3 showed red shifted maxima.
Compounds 5-6, the symmetric A-π-D-π-A modules with polycyclic aromatic core
groups, showed longer wavelength absorption and emission spectra than 1-4 due to their extended
π systems. The ICT band in absorbance of 6 with the anthracene chromophore (473 nm in DCM,
458 nm in DMSO) appeared at longer wavelengths than that of 5 with the naphthalene
chromophore (436 nm in DCM, 420 nm in DMSO). A blue shift in the long wavelength
absorption was observed for both compounds with respect to their ICT absorption band with
increasing solvent polarity. The emission spectrum of 5 was blue shifted at higher solvent
polarity, while that for 6 is hardly shifted. Overall, all the compounds gave blue-shifted
absorption with increasing solvent polarity except for compounds 1 and 2. Blue-shifted emission
was observed for 1, 4 and 5 with increasing solvent polarity, while 2-3 showed red shifts and 6
gave no noticeable change. The opposing trend for 2-3 may be steric, due to their larger central
substituents, which may affect the solvent cage around the molecules.
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Figure 6.11. Solid state absorption spectra for the compounds 1-6.
The optical band onsets (Egopt) were given in Table 6.1. The band gaps in the solution
state for compounds 1-4 were in the range of 2.35 –2.99 eV in methanol, following the trend
where increasingly electronic π-donor ability gave red-shifts, except for compound 3 (again,
possibly due to steric hindrance of bulky tetramethyl groups): for unsubstituted 1, (Egopt = 2.81
eV) > dimethyl 2 (Egopt = 2.80 eV) > 3 tetramethyl (Egopt = 2.99 eV) > 4 dimethoxy (Egopt = 2.35
eV). The compound 6 showed a lower optical band gap (2.27 eV) than the compound 5 (2.58 eV),
presumably due to increased effective conjugation with the central anthracene ring.
The spectral properties of compounds 1-6 were also studied in the solid state. Normalized
comparisons of the spectra are shown in Figure 6.11 where the thin film absorption spectra were
obtained by drop-casting methanol solutions onto glass plates. The absorption film maxima
followed trends similar to those seen in the corresponding solution spectra (except that compound
5 shifted to lower wavelengths), but the solid film spectra were broader than corresponding
solution spectra and were red shifted towards lower energies. Solid film absorption onsets were
red shifted relative to solution spectra by about 40-100 nm, to wavelengths of ~600 nm for
compounds 1-4. Compounds 5 and 6 showed similarly red-shifted absorption onsets (65-69 nm)
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relative to solution spectra, reaching wavelengths of 550 nm and 611 nm, respectively. By
comparison, compound 3 showed the largest absorption red shift of 100 nm in onset from solution
to neat film, whereas compound 1 showed the smallest of 42 nm.
There were shoulders in most of the film spectra (except for compounds 3 and 6) that are
not seen in the solution spectra. This seems to suggest aggregation, although not necessarily a
well-organized π-stack formation. As mentioned earlier, compound 3 also showed the large
absorption maximum red shift from solution to neat film (100 nm) which might be due to wellorganized π-stack formation helped by large tetramethyl groups. The optical band gaps (Egopt) in
the solid state for the compounds 1-4 were smaller by 0.3-0.5 eV relative to those in solution, and
followed the trend of increasing electronic π-donor substitution on the compounds: unsubstituted
1 (Egopt = 2.57 eV) > dimethyl 2 (Egopt = 2.42 eV) > tetramethyl 3 (Egopt = 2.41 eV) > dimethoxy 4
(Egopt = 2.07 eV). The compound 6 showed a lower solid state optical band gap (2.03 eV) than the
compound 5 (2.26 eV), consistent with the longer effective conjugation in 6.
Symmetric A-π-D-π-A molecules with substituted phenylene cores showed molar
absorptivity ranging from about 22,100 M-1 cm-1 to 44,100 M-1 cm-1. The absorptivities increased
with increasing electronic π-donor ability, except for dimethyl substitution: (4) dimethoxy (ε =
44,100 M-1 cm-1) > (3) tetramethyl (ε = 31,800 M-1 cm-1) > (1) unsubstituted (ε = 27,100 M-1 cm1

) > (2) dimethyl (ε = 22,100 M-1 cm-1). Computationally optimized molecular geometries 3-4

(described in a subsequent section) were quite planar, but molecules 1-2 showed almost
perpendicular pyridiniums relative to the core donor groups, so this torsional effect may also
contribute to the smaller absorptivities in 1-2. The molecules 5-6 exhibited molar absorptivities of
82,200 M-1 cm-1 and 24,800 M-1 cm-1, respectively. The molecule 5 had an optimized geometry
with vinylene groups in trans-position to the central naphthalene donor resulting in much better
planarity, compared to the molecule 6 showing an optimized geometry with vinylene groups in
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cis-position to central anthracene donor. No matter what the conformation, 6 cannot readily reach
a fully planarized geometry, which is clearly reflected in its low molar absorptivity.
Emission quantum yields for the compounds 1-4 and 6 in methanol were determined at an
excitation wavelength using external standard fluorescein (ethanol, quantum yield Fl = 0.79): a
solvent refractive index correction was made as part of the determination. I am grateful for
assistance by undergraduate chemistry major researcher Christopher Borcoche of the Lahti group
for obtaining a number of quantum yields given in Table 6.1 Compound 4 showed the highest
quantum yield (42%), the others were all in the range of 0.25 to 1.3%. Given the likely quenching
effect on fluorescence of ICT involving the pyridinium rings, the high quantum yield for 4 was
somewhat of a surprise, whereas the other low quantum yields were as expected. Possibly the
strong donor effect in 4 shifts its HOMO/LUMO energies into a region that dis-favors quenching
from ICT.
Finally, some preliminary fluorescence lifetime results were studied in different solvents
for the compounds 1-6. All of the lifetime results were obtained by undergraduate Christopher
Borcoche at Amherst College, in collaboration with Prof. Elizabeth Young. All the compounds
showed very fast fluorescence decay lifetime in 0.15 to 1.2 ns range except the compound 4 (2.13.6 ns). The decay lifetimes were slower in methanol relative those in chloroform and DMSO, for
all of the compounds. The decay rate was faster for the compounds 1, 3, 4 and 5 in chloroform
whereas compounds 2 and 6 decayed faster in DMSO. These preliminary results are still under
investigation, and should be considered tentative at the time that this dissertation is being written.
The spectra for compounds 7-13 were studied, with absorption and emission spectra
obtained in moderate polar solvent methanol (Figure 6.12). A study of absorbance and emission
spectra versus solvent polarity index was also carried out to determine their solvatochromism
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behaviors (Figure 6.13). The electronic absorption spectra displayed two main main bands
covering below 300 nm to over 600 nm.
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Figure 6.12. Normalized absorption (left) and emission (right) spectra for the compounds 713 in methanol.

Dimethylaminostyryl pyridinium molecules have two contributing resonance structures,
benzenoid and quinoid.45 In the ground state, the benzenoid form dominates, while the quinoid
form dominates in the excited state. Because the positive charge is on different nitrogen atoms in
the two structures, solvents can interact differently with ground versus excited states. As an added
complication, upon photoexcitation these molecules can undergo internal rotation of the aniline
moiety, leading to a twisted intramolecular charge transfer (TICT) state in some cases. 46 Due to
the strong electron donating ability of -NMe2, compound 7 showed absorbance and emission
spectra at longer wavelengths 450-515 nm and 590-625 nm, respectively. With increased solvent
polarity, the absorption spectrum of 7 showed a strong blue shift (up to 63 nm, Figure 6.13), with
a less pronounced and red shift of fluorescence spectra for the same solvent polarity change.
Compound 8 with its strongly electron donating dianisylamine group gave a slightly
longer wavelength absorption maximum (461-510 nm) and much broader spectrum relative to
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compound 7. A blue shift in both absorption and emission with increasing solvent polarity was
observed, with an overall solvatochromic shift of ~50-70 nm. Compound 9 showed a blue shift in
absorption spectral maxima from 428 nm to 403 nm with increased polarity (Figure 6.13), while
its emission maximum showed a small red shift.
The strong electron releasing ability of pyrrole relative to EDOT caused solution
absorbance and emission spectral maxima to shift to longer wavelengths in compound 10 by
comparison to 9. But, like 9, compound 10 showed blue-shifted absorption with increasing
solvent polarity in the range of 454-427 nm, and a small red shift for emission. Although
compound 11 has strong electron donating donor groups (e.g. trimethoxy), it gave the shortest
wavelength absorbance maximum compared to the other asymmetric D-π-A molecules; this
indicates a lower effective electron donor ability by comparison to the asymmetric systems with
the other donor groups. Compound 11 showed blue-shifted absorption (401-355 nm) and small
red-shifted emission solvatochromism with increasing solvent polarity. Compared to the other
asymmetric compounds, 12 showed absorption and emission peak maxima at longer wavelengths
of 430-475 nm and ~600 nm, respectively, due to its extended π-conjugation. It exhibited blue
shifted absorption with increasing solvent polarity, but emission maxima were relatively
unchanged for the same solvent trends. Compound 13 gave stronger blue shift (28 nm) in
absorption with increasing solvent polarity, with a much weaker red shift in emission for the same
solvent trends. All in all, while the compounds 7-13 all demonstrated strongly blue-shifted
solvatochromism in absorption, they were just weakly red-shifted in emission with increasing
solvent polarity except for compounds 8 (blue shift) and 12 (no change).

136

500
480
460

7
8
9
10
11
12
13

640

Emission Wavelength (nm)

Absorbance Wavelength (nm)

7
8
9
10
11
12
13

520

440
420
400
380
360

620
600
580
560
540
520
500
480

2

4

6

8

10

2

Polarity Index

4

6

8

10

Polarity Index

Figure 6.13. Solvatochromism in absorption (left) and emission (right) spectra for the
compounds 7-13.
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Figure 6.14. Solid state absorption spectra for the compounds 7-13.

The optical band gaps (Egopt) in the solution state for the compounds 7-13 fell in the range
of 2.19 to 2.80 eV in methanol. Among these, compound 11 has the largest optical band gap (2.80
eV) in solution, whereas compound 8 showed the lowest optical band gap (2.19 eV).
The solid state spectral properties of compound 7-13 were also investigated (Figure 6.14).
The absorption spectra of drop-cast films followed trends similar to those seen in the
corresponding solution spectra, but the solid film spectra were broader and red shifted towards
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lower energies. There were no shoulders in any of the film spectra (except compound 12 and 13)
that differ from the solution spectra to suggest well-organized π-stack formation. An observed
small blue shift or no shift of absorption maxima in 7-11 for solid versus solution absorption
might be due to their asymmetric substitutions which can hinder π-stacking in the films. By
comparison, the relatively large red shift of the solid film maxima versus solution in the
compounds 12 (20 nm) and 13 (47 nm) may be due to better π-stacking of its extended stilbene
and pyrene units in the solid state. Absorption onsets for 7-13 are red shifted about 13-80 nm to
longer wavelengths of 625 nm in the solid state: compound 7 showed the largest red shift (80
nm), whereas compound 11 showed the lowest red shift (13 nm). The optical band gaps (Egopt) in
the solid state for the 7-13 dropped by 0.06-0.31 eV relative to solution spectra, and were in the
range of 1.99 – 2.72 eV.
Asymmetric D-π-A molecules gave molar absorptivities ranging from about 13,800 M-1
cm-1 to 112,600 M-1 cm-1, as shown in Table 6.1 The absorption spectra for 7 and 8 were quite
similar, but the molar absorptivity of 8 (13,800 M-1 cm-1) was quite a bit smaller than that of 7
(112,600 M-1 cm-1), which can be attributed to introduction of the bulky dianisylamine substitute
into the D-A structure leading to a twisted nonplanar structure in 8. By comparison, 10 showed
higher molar absorptivity (51,200 M-1 cm-1) than either 9 (34,300 M-1 cm-1) or 11 (31,600 M-1 cm1

) due to the strong donor and conjugation character of the pyrrole group in 10. Analogously, the

longer π-system conjugation and high degree of (computational) coplanarity in compound 13
presumably accounts for its larger molar absorptivity (80,600 M-1 cm-1) compared to that of
compound 12 (29,600 M-1 cm-1).
Emission quantum yields for the compounds 7-13 (except 8) in methanol were also
determined (Table 6.1). Compounds 7, 9 and 10 showed the lowest quantum yields (~0.25-1%),
consistent with their strong D-A characters. Compounds 11, 12 and 13 showed higher quantum
138

yields, 5.2, 13.4 and 45.4%, respectively, due to their better effective conjugation and presumably
lower degree of push-pull character.
To get stronger absorptivity, the A-π-D-π-A strategy was extended by increasing πconjugation length with the insertion of heteroaromatic and vinylene units between core and
acceptor moieties. Extended π-conjugation decreases absorption band gaps and enhances
absorption cross sections, which causes a molecule to absorb very strongly in the visible region.
Absorption and emission spectra for extended A-π-D-π-A were tested in methanol, which
dissolved the molecules effectively.
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Figure 6.15. Normalized absorption (left) and emission (right) spectra for the compounds
14-18 in methanol.
Electronic spectral characterization of compounds 14-16 with the same core unit (e.g.
dihexyloxy phenylene) exhibited the expected red-shifts in absorption as the chain was extended
to give greater delocalization of the π-system. They showed absorbance in less polar solvent
DCM with peak maxima at progressively longer wavelengths following the trend of increasingly
electronic π-donor ability in Figure 6.6: phenylene 14 (λmax = 498 nm) > thiophene 15 (λmax = 554
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nm) > EDOT 16 (λmax = 609 nm). In more polar DMSO, the same order peak maxima was
observed, but at lower wavelengths (Figure 6.15).
The effect of different donor groups in the emission spectra of this series was apparent:
the broad fluorescence spectra of the compounds covered nearly the whole visible and near
infrared region (~500-900 nm). The same trend was observed in DCM for the emission spectra of
14-16, as was observed for their absorbance spectra, with maxima of 719, 744 and 763 nm for
increasing electronic π-donor nature of the groups. Emission spectral maxima shifted to lower
wavelengths in DMSO by comparison to DCM. From spectra obtained in solvents of increasing
polarity, it was determined that compounds 14-16 exhibited blue shifts for increasing solvent
polarity with respect to their ICT absorption bands (Figure 6.16). The bathochromic shift seen
here for halogenated solvents is common for pyridinium dyes.47 The ICT bands of the compounds
14-16 in DCM appeared at longer wavelengths by comparison to in other solvents. Excepting the
DCM datapoints in Figure 6.16, the emission spectra for 14-16 showed red shifts in solvents of
increasing polarity.
Switching the core unit to thiophene promoted strong ICT character in both absorption
and fluorescence of the resulting compounds 17-18, by comparison to structures where
dihexyloxy phenylene was used as the central unit (Figure 6.16). Compound 18 exhibited
absorption maxima of 619 nm and 587 nm in DCM and DMSO, respectively. These are slightly
longer than those for compound 17, 617 nm and 578 nm in DCM and DMSO, respectively. On
the other hand, emission spectra gave the opposite trend, where 17 had an emission maximum at
slightly longer wavelength relative to 18. Both compounds showed blue shifted absorption with
solvents of increasing polarity, but red shifted emission for the same solvent trends.
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Figure 6.16. Solvatochromism in absorption (left) and emission (right) spectra for the
compounds 14-18.
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Figure 6.17. Solid state absorption spectra for the compounds 14-18.

The optical band gaps (Egopt) in the solution state for compounds 14-16 were in the range
of 1.87 – 2.25 eV in methanol, following the trend of increasingly electronic π-donor ability:
phenylene 14 (Egopt = 2.25 eV) > thiophene 15 (Egopt = 1.98 eV) > EDOT 16 (Egopt = 1.87 eV). The
compound 18 gave a lower optical band gap (1.77 eV) than that of the compound 17 (1.82 eV)
due to the strong electron donating and conjugating nature of N-methylpyrrole units compared to
EDOT units.
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The absorption spectra for drop-cast solid films of compounds 14-18 are shown in Figure
6.17. The film absorption spectra resulted in trends similar to those seen in the corresponding
solution spectra, with broader spectra, except that compound 18 shifted to lower wavelength.
There were no shoulders in any of the film spectra to suggest possible well-organized π-stack
formation. Compounds 14 and 16 showed red shifts in absorption maxima from solution to thin
film, while compounds 15, 17 and 18 blue-shifted. Compound 18 showed the largest blue shift in
absorption maximum (47 nm, Table 6.1), whereas compound 16 showed the largest red shift (26
nm). The absorption onsets red shifted about 51-165 nm to ~850 nm for compounds 14-18:
compound 16 showed the largest red shift (165 nm). The optical band gaps (Egopt) in the solid
state for the compounds 14-18 dropped by 0.15-0.37 eV relative to solution, and were in the
range of 1.46 – 2.04 eV.
Symmetric A-π-D-π-A molecules with extended π-conjugation showed molar
absorptivity ranging from about 81,000 M-1 cm-1 to an impressive 278,000 M-1 cm-1. As expected,
molar absorptivities and visible spectral coverage increased considerably for the longer A-π-D-πA π-system molecules compared to those with short π-conjugation. For example, compound 14
has a molar absorptivity of 154,000 M-1 cm-1, rather higher than for compounds 15 (137,000 M-1
cm-1) or 16 (81,000 M-1 cm-1). This is attributable to the quite planar geometry found in the
computationally optimized geometry of the former. The molar absorptivity for 17 (278,000 M-1
cm-1) was the highest one among all the compounds in this study. By comparison to compound 17
with a similar central unit, compound 18 exhibited a rather lower molar absorptivity (146,000 M-1
cm-1). Again, this was attributable to compound 18 having a reduced degree of π-conjugation in
the computational geometry, due the presence of the methyl substituent on the pyrrole perturbing
the planar geometry.
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6.2.3 Electrochemical Analyses of Pyridinium-Containing Molecules
Cyclic voltammetry of the pyridinium molecules in this study was evaluated in solution
against the ferrocene/ferrocenium redox couple in acetonitrile to determine the frontier energy
levels of the molecules with the help of Prof. Sermet Koyuncu (Canakkale University, Turkey,
while a visitor at the Umass Amherst Department of Polymer Science and Engineering) (Figure
6.18). The reduction processes are attributed to addition of an electron to the electron deficient
pyridinium moiety, and the oxidation processes are ascribed to the removal of an electron from
the electron rich parts of push-pull molecules. Energy levels were calculated using Equation 6.1
:48
EHOMO/LUMO = –(4.8 + Eox/Red) eV

(6.1)

All of the electrochemical redox potentials are given in Table 6.1. The symmetric A-π-Dπ-A molecules with short π-conjugation displayed reversible reduction, with the exception of
compound 3 showing irreversible reduction (possibly due to steric effects of bulky tetramethyl
groups). The reduction potentials fell in the –0.44 to –0.59 V range and quasi-oxidation features
(with the exception of compounds 3 and 4) in the 0.89 to 0.96 V range (Figure 6.21). Compounds
1-6 showed low lying LUMO energy levels in the –3.73 to –4.10 eV range, with high lying
HOMO energy levels in the –5.21 to –5.28 eV range. These HOMO-LUMO gaps give the
resulting low band gap behavior of these materials (Egec ~1.11 to 1.51 eV).
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Figure 6.18. Cyclic voltammograms for all pyridinium and extended viologen compounds.
Voltages are given relative to the ferrocene/ferrocenium oxidation in acetonitrile.
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Asymmetric D-π-A molecules gave irreversible reduction processes except in the –0.55
to –1.03 V range (or compound 12 (quasi-reversible)), with irreversible oxidation in the 0.88 to
0.94 V range except for compounds 7, 9, 11, 12 (quasi-reversible). Calculated energy levels from
computational investigations described in the following section gave low lying LUMO levels in
the range of –3.29 to –3.77, and high lying HOMO energy levels in –5.16 to –5.26 eV range. The
electrochemical band gaps were found to be in range of 1.45-1.87 eV.
Symmetric A-π-D-π-A molecules with longer π-conjugation exhibited irreversible
reduction processes in the –0.31 to –0.54 V range except for compounds 15 and 17 (quasireversible), and irreversible oxidation in the range 0.94-1.13 V. The electrochemical band gaps
were thus determined in the 1.27-1.49 eV range.

6.2.4 Computational Investigations
Frontier molecular orbitals were studied by density functional theory (DFT) calculations
with the Spartan10 program for Linux by Wavefunction Inc., Irvine, CA. Computations were
carried out using the B3LYP hybrid density functional method with a 6-31+G* basis set (Figure
6.19 and Figure 6.20).49 Hexyl chains were shortened to ethyl chains to reduce computational
requirements for energy computations. The optimized geometries were determined using hexyl
chains.
The optimized molecular geometries of the molecules 1, 2, 5 and 6 showed twisted
geometries, while molecules 3 and 4 showed quite planar geometries. LUMO electron
distributions in molecules 1, 2, 3 and 6 were similar to one another, and mainly localized on the
acceptor units. LUMO electron distributions in molecules 4 and 5 were delocalized throughout
the full π-system. The molecules 1-6 all showed HOMO electron distributions centralized on the
donor moieties. Localization of the HOMO over the electron-rich region of the molecule gives a
higher energy HOMO relative to the unsubstituted case. Localization of LUMO electron density
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stabilizes the LUMO and thus decreases its energy. By raising HOMO energy while lowering
LUMO energy, lower band gap materials can be constructed.
Due to the asymmetric character of the asymmetric D-π-A molecules 7-12, the optimized
molecular geometries were twisted and bent, except for molecule 13 with relatively coplanar
geometry. The computed electron distributions for 7, 8, 10, 11 and 12 gave LUMO electron
density that resided totally on electron deficient pyridinium units, while molecules 9 and 13
showed delocalized LUMO electron distributions. Except for molecule 9, HOMO electron
distributions were localized on the electron rich regions, resulting in their being raised by electron
donation substitution relative to an unsubstituted case.
The optimized molecular geometry of molecule 14 A-π-D-π-A molecules with longer πconjugation gave quite planar geometry while molecules 15 and 16 had twisted geometries at the
pyridinium moieties. These molecules gave two separate LUMO energy densities with LUMO+1
energy distribution residing only on one pyridinium and its neighboring donor group with
vinylene bridges of the molecule, with the LUMO energy distribution was delocalized on other
pyridinium and neighboring donor group with vinylene bridges. Essentially, this means that two
degenerate LUMOs exist, that can be localized on different ends of the molecules. All of 14-16
showed HOMO electron distributions centralized on the donor moieties.
The optimized geometry of molecule 17 gave a quite coplanar geometry, while molecule
18 gave lower coplanarity, apparently due to the methyl group on the central pyrrole unit. While
molecule 17 exhibited only one LUMO energy distribution distributed on both electron poor
regions, molecule 18 exhibited two energy levels, each one localized on one end of the molecule,
like molecules 14-16. HOMO electron distributions for 17 and 18 were localized on the electron
rich regions of the molecule.
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6.3 Conclusions
My work described in this chapter gave the synthesis of new pyridinium and extended
viologen molecules capturing light in the visible portion of the solar spectrum with high molar
extinction coefficient by means of intramolecular charge transfer (ICT), using electron-donor and
electron-accepter groups linked through π-conjugation. The new molecules showed absorption
spectra covering the wavelength of 300-700 nm in solution state (450-850 nm in solid state), and
emit 350-900 nm with a high molar absorptivity ranging from ~22,000 to 278,000 M-1cm-1. These
compounds exhibited solvatochromic properties in absorption and emission spectra with respect
to ICT band. Also, they showed electrochemical low band gap between 1.1 and 1.9 eV with high
lying LUMO energies (3.3-4.1 eV) and high lying HOMO energies (5.15-5.30 eV) that can be
potentially used in electronic applications. My compounds gave very high molar extinction
148

coefficient by comparison to the reported molecules containing pyridiniums (ε = 25,000-30,000
M-1 cm-1).10
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CHAPTER 7
CONCLUSION AND FUTURE WORK
This chapter shows conclusion based on my starting design plan, as well as proposed
future work to extend further the study of thermoelectric materials as well as extended viologens.
7.1 Conclusions
This dissertation provides insight into the emerging field of organic thermoelectrics, more
specifically, thermoelectric power generation based on the composites of conducting polymers
with carbon nanotubes.
The results summarized in chapter 2 showed that composite blends of MEH-PPV with
carbon nanotubes provide significant thermoelectric power factors after iodine doping. Multiple
optimization iterations to test effects of MEH-PPV chain length (molecular weight), amount and
grade of SWNT added, sample fabrication solvent, and doping duration led to substantial
optimization of thermoelectric power factors in iodine doped MEH-PPV/SWNT blends, up to
~33 μW m-1 K-2 just after doping with iodine vapor. A variety of distinct morphological
architectures -- consistent with differences in TE performances -- have been observed. Multi-day
exposure of doped samples to ambient conditions gave loss of about half of the doped power
factor, but re-doping restores thermoelectric performance. The latter result indicates a need for
encapsulation or another strategy to retain exposure to high dopant levels and maintain best
performance. The substantial sample sizes in this work indicates there are good prospects for
using doped conducting polymers blended with carbon nanotubes to make thermoelectric
materials that are effective enough to be useful and environmentally much less hazardous than the
most widely used inorganic thermoelectric materials.
Chapter 3 presented results for composite blends of P3HT with carbon nanotubes
(CNTs), showing extremely good thermoelectric power factors after iodine doping, and
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significant power factors even before doping in some cases. Multiple optimization iterations to
determine effects in these composites of using P3HT from different sources with different
degrees of regioregularity, different amounts and types (SWNT versus MWNT) and diameters of
added CNTs, sample fabrication solvent, and doping p-duration led to substantial improvement of
thermoelectric power factors for iodine doped P3HT/CNT blends. The effect of regioregularity
was very important, with regioregular P3HT giving much higher power factors. Careful control
over the doping process established that a limited doping time gave the best power factors,
following which electrical conductivity actual declined. Depending on the amount of CNT added,
a variety of distinct surface morphologies was seen by electron microscopy. This is consistent
with differences in TE performances that have been observed, although the correlation of surface
appearance and TE performance is not always clear. Overall, TE performance is strongly affected
by P3HT/CNT blend composition, manufacturer of NTs, solvent used for sample preparation,
doping times, use of regioregular versus regiorandom P3HT polymer, use of narrower and wider
diameter SWNTs, and use of multi-wall instead of single-wall carbon NTs. A PF of 148 μW m-1
K-2 was obtained in the optimized sample preparation with rr-P3HT-Rieke/50%SWnNT which is
quite competitive with the PFs mentioned in section 2.3. Given the complexity of optimizing so
many variables, similar work procedures to mine are needed to identify the effect of various
parameters influencing thermoelectric performance, and to offer rational means to develop new
materials for thermoelectric applications.
In chapter 4, I reported the results of using blends of the conductive polymer
PEDOT:PSS with either carboxylic acid (COOH-) or hydroxyl (OH-) functionalized single wall
carbon nanotubes (SWNT). These functional groups provide hydrogen bonding to PEDOT:PSS
domains, but also improve the dispersion of nanotubes in the aqueous solution in which the
polymer is originally found. The intent in testing these blends was to increase the specific
electrical conductivity of the PEDOT:PSS blends by adding carbon nanotube (NT) additives, and
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to achieve secondary doping effect with the good solvent DMSO, while retaining the inherent
PEDOT:PSS Seebeck coefficient behavior as much as possible. Segregated networks that form by
adding SWNT with polar functional groups into composites with PEDOT:PSS were studied, and
their thermoelectric properties and surface microstructures were characterized. High electrical
conductivities were found in composites with high amounts of the functionalized nanotubes,
where were attributed to elongation and uncoiling of the PEDOT:PSS chain conformations,
and/or phase separation of excess PSS from the PEDOT:PSS regions, which resulted in better
conduction pathways. Overall, the electrical conductivity, the Seebeck coefficients and the power
factors were enhanced accordingly, giving power factors of 18-22 μWm-1K-2.
In chapter 5, the versatility of the thiol-ene Click reaction was highlighted by using a
library of cross-linkable linkers to make thermoelectric composites with carbon nanotubes
(CNTs). To my knowledge, this is first time this approach has been tested for TE. I attempted to
fabricate photo-crosslinked thermoelectric composites with a segregated microstructure. To
improve thermoelectric performance, CNTs was blended as fillers to form conductive networks.
The maximum obtained power factor was ~1 μW m-1 K-2 by these strategy cross-linked systems.
A variety of distinct surface morphologies with segregated structures were obtained, consistent
with differences in TE performances that were observed. Nevertheless, the PFs for all of these
composites are currently too low for consideration as practical thermoelectric materials. Their
electrical conductivity needs to be higher compared to conductive polymers. However, their PFs
were higher than the blends of MEH-PPV-70k/150k with either SWwNT or MWNT under the
similar conditions. The performance for these materials might be improved particularly by
switching to more conductive nanotubes (SWnNT), which substantially improved PF
performance for both MEH-PPV and P3HT composites described Chapters 2, 3, and 4. The
results shown here therefore should be considered primarily – but strongly -- a proof of concept
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toward developing high performance thermoelectric networks using the thiol-ene thermoset
technique.
In chapter 6, my work described the synthesis of new pyridinium and extended viologen
molecules for capturing light in the visible portion of the solar spectrum with high molar
extinction coefficient by means of intramolecular charge transfer (ICT), using electron-donor and
electron-accepter groups linked through π-conjugation. The new molecules showed absorption
spectra covering the wavelength of 300-700 nm in solution state (450-850 nm in solid state), and
emit 350-900 nm with a high molar absorptivity ranging from ~22,000 to 278,000 M-1cm-1. These
compounds exhibited solvatochromic properties in absorption and emission spectra that were
consistent with ICT bands. Also, they showed electrochemical low band gaps between 1.1 and 1.9
eV with high lying LUMO energies (3.3-4.1 eV) and high lying HOMO energies (5.15-5.30 eV)
that can be potentially used in electronic applications. My compounds gave very high molar
absorptivities by comparison to previously known molecules containing pyridiniums (which have
ε = 25,000-30,000 M-1 cm-1).10
7.2 Future Work for Thermoelectric Studies
Suggested future work aims at exploring other conductive polymers -- especially those
with high charge carrier mobility -- and with added conductive fillers like graphene as
thermoelectric materials.
The design of materials with high charge carrier mobility is an effective tool to improve
electrical conductivity due to the strong relation between mobility and electrical conductivity (σ =
neµ) as mentioned in chapter 1. A promising method is to insert monomers with fused ring
structures to result in large intermolecular π−π stacking overlapping areas.1 Therefore, increasing
the tendency of polymers to crystallize and increasing the amount of π-conjugated fragments to
cause more π−π stacking are favorable for high charge transport. Polymers based upon the fused
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ring structure thieno[3,2-b]thiophene (TT) have shown charge carrier mobility in FET devices up
to 0.6 cm2 V-1 s-1.2 These properties lead to the TT unit to be an attractive building block to be
further studied for inserting in conjugated polymers for electronic applications.3 Poly(2,5-bis(3tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT-C14)2 and poly(2,5-bis(thiphen-2-yl)(3,7-diheptadecantyltetrathienoacene))

(P2TDC17-FT4)4

are

well-known

semicrystalline

polymers with high charge-carrier mobility (∼1.3 cm2 V-1 s-1, Sigma Aldrich catalogue) as a
result of their high degree of crystalline and ordered regions, demonstrated in thin film transistors
(Figure 7.1). Due to their rigid rod properties and dense side-chain interdigitation, they exhibit a
remarkably higher degree of order than other similar polymers such as P3HT.5 They also have
better environmental stability compared with other thiophene-based polymers.6
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Figure 7.1. Chemical structures of proposed polymers to use in TE.

Graphene has been tested in a number of electronic applications due to its unique
electrical, thermal, mechanical, optical and electrochemical properties.7 It has a large theoretical
specific surface area (2630 m2 g-1)8 and high carrier mobility (~10,000 cm2 V-1 s-1)9 at room
temperature as a 2D monolayer of sp2-hybridized carbon atoms with hexagonal lattice structure
(Figure 7.2).
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Furthermore, graphene shows better electrical conductivity compared with CNTs.10 Also,
SWNT can have Seebeck coefficients as high as 60 µV K-1, but graphene can produce up to 100
µV K-1.11 Therefore, graphene could be used more effectively to improve the TE properties by
comparison to CNTs as the filling materials in polymer composites, since more interfaces and
stronger π-π conjugation interactions could form in polymer/graphene composites. In these types
of composites, graphene serves not only as outstanding conductive filler where electrons can
travel long distances without scattering but also a template for generating 2-D nanostructures.
Furthermore, considerable amounts of nanotubes need be added to increase the electric
conductivity dramatically, unlike the case with graphene additives.

Figure 7.2. Comparison of the shapes of graphene and SWNT.

My proposed future work is to examine these structurally similar polymers alone, in the
composites with narrow diameter SWnNT (0.7-1.4 nm), and with graphene for TE applications.
Due to the high charge mobility of these polymers relative to similar polymers such as P3HT,
they would be expected to give higher electrical conductivity. They could make a strong π-π
interaction with nanotubes and graphene due to their intrinsically fused aromatic segments. These
polymers preferably exhibit oriented structures which provide the high carrier mobility. It is
believed that the carrier mobility is strongly dependent on the conformation and arrangement of
the polymer chains, and this affects both electrical conductivity and Seebeck coefficient as shown
with the effect of regioregularities of P3HT polymers in chapter 3. Highly ordered polymer
chains are useful to reduce the barriers of interchain hopping which allow charge carriers within
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the polymer chains to move easily. Consequently, the enhanced carrier mobility should lead to
improvement in the TE properties in the composites.

7.3 Future Work for Pyridiniums and Extended Viologens
As mentioned in the chapter 6, viologens can be used as electrochromic materials due to
the highly colored stable radical cations with high molar absorption coefficients. It has been
demonstrated that extended viologen having thiophene and furan linkers (Figure 7.3) formed
highly stable radical cations in NIR absorption bands.12 Therefore, the study of viologen
compounds that I synthesized can be further expanded. They, as radical cations, might be strong
NIR absorbers. It is worth investigating these specifically in A-π-D-π-A molecular architecture
designs with short and extended conjugation in the future.

Me N
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Figure 7.3. Chemical structures of extended viologens forming radical cations in
NIR region.13
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CHAPTER 8
EXPERIMENTAL AND SYNTHETIC PROCEDURES
8.1. Materials
Abbreviations for solvents and reagents: MeCN = acetonitrile, MEH-PPV = poly(2methoxy-5-[2-ethylhexyloxy]-1,4-phenylenevinylene),

P3HT

=

poly([3-hexyl]-2,5-

thiophenediyl), NT = carbon nanotubes, PTFE = poly(tetrafluoroethylene), PEDOT:PSS =
poly(3,4-ethylenedioxythiophene) : poly(4-styrenesulfonate), DCE = 1,2-dichloroethane, DCB =
1,2-dichlorobenzene, DCM = dichloromethane, Et2O = diethylether, EtOH = ethanol, AcOH =
glacial acetic acid, DMSO = dimethylsulfoxide, NBS = N-bromosuccinimide, AIBN = azo-bis(isobutyl)nitrile, EDOT = 3,4-ethylenedioxythiophene, DMF = N,N-dimethylformamide, THF =
tetrahydrofuran, KO-t-Bu = potassium tert-butoxide, i-PrOH = isopropanol
Solvents and reagents were purchased from Fisher Scientific, Sigma-Aldrich or Rieke
Metals and used as received unless stated otherwise. Two grades of SWNTs were purchased from
Aldrich: ≥50-70% carbon as SWNT with 1.2-1.5 nm diameters (“SWwNT” in this dissertation),
and ≥80% carbon as SWNT with 0.7-1.4 nm diameters (“SWnNT” in this dissertation). MWNTs
were purchased from Wako Pure Chemical Industries (3-20 nm diameters), and from Sigma
(outer diameter 6-13 nm, inner diameter 2-6 nm, length 2.5-20 μm); the latter MWNTs were used
for all the results reported herein, unless otherwise stated. Spectroscopic grade solvents were used
as received without further purification. The specified concentration of PEDOT:PSS
(CLEVIOSTM P VP Al 4083) was 1.3-1.7 % by weight, and the weight ratio of PSS to PEDOT
was 6:1.

8.2. Instrumentation
All new compounds were characterized by 1H-NMR at 400 MHz. Chemical shifts were
reported as  in ppm downfield of tetramethylsilane. Fast atom bombardment (FAB) high164

resolution mass spectrometry was obtained at the University of Massachusetts Amherst Mass
Spectral Facility or at the University of Illinois, School of Chemical Sciences Mass Spectrometry
Laboratory. UV-vis-NIR spectra and photoluminescence spectra were obtained at room
temperature

using

a

Shimadzu

UV-2600

spectrophotometer

and

a

Cary

Eclipse

photoluminescence spectrophotometer, respectively.
Cyclic voltammograms were obtained using a BASi Epsilon Electrochemical
Workstation equipped with a Pt working electrode, a Pt wire counter electrode, and a Ag wire
reference electrode in dry MeCN, with 0.1 M of Bu4NPF6 in MeCN as supporting electrolyte.
All computations were carried out using the Wavefunction program Spartan10 on a Linux
computer running open SuSE. Molecular geometries were optimized using the methodologies
described for each system.
A Keithley 2440 source meter was used for electrical conductivity measurements. The
electrical conductivity of the samples was calculated from their corresponding I-V curves as
measured using a standard four-probe method using platinum wire contacts. To ensure good
contact between the probes and the sample, the platinum wires were embedded in a Teflon block,
pressed firmly onto the sample and held in place with two clamps. The electrical conductivity, σ
(Equation X.1) was determined by measuring the resistance, R, for a known sample volume:

8.1
where R = resistance in ohms, L = sample length, w = sample width, h = sample thickness [all in
cm].
A Keithley 6182 nanovoltmeter was used for Seebeck measurements. Thermoelectric
measurements were carried out using a custom-made apparatus constructed by Dr. Patrick Taylor
of UMass Amherst (Karasz group). A thermal gradient across the sample is established using a
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cartridge heater placed inside one of the two copper blocks while the other block is held at
ambient temperature. A digital dual input thermometer with K-type thermocouples is pressed
onto the tops of the films is used to measure the thermal gradient across the sample.
Thermoelectric potentials were measured using thermal gradients across the sample of ΔT = 0.110 ºC. Seebeck coefficients were determined by plotting measured thermoelectric potentials vs.
applied ΔT.
With assistance from Dr. Lang Wei (Lahti group), scanning electron microscopy (SEM)
was used to examine the same, free-standing samples used to carry out thermoelectric testing.
SEM samples were attached to a flat geometry sample holder using conductive double-faced
adhesive tape. A model FEI Magellan 400 instrument was used to obtain SEM images at
acceleration voltages of 1-5 kV.

8.3. Sample Preparation for Thermoelectric Studies
MEH-PPV or P3HT
Conductive polymers (MEH-PPV or P3HT) and polymer/NT blend suspensions were
prepared in spectral grade solvents at total concentrations of 6-7 mg/mL, using varying
weight/weight percentages of SWNTs or MWNTs. The suspensions were thoroughly mixed by
sonication for 2 h, stirred at room temperature for 18 h and then poured into casting wells incised
into a PTFE sheet. The samples on the film-casting sheet were then allowed to air-dry overnight.
The resulting films were then removed by hand and cut into rectangles of about 2.5 cm x 0.5 cm x
(25-50) μm. A micrometer was used to measure sample thickness, by averaging at several spots
in the sample. Doping was carried out by placing pristine blend films into capped jar doping
chambers with a few crystals of iodine (I2) for specific, prescribed times. Electrical conductivity
and thermoelectric measurements were then carried out as quickly as possible after removal of the
sample from the doping chamber.
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PEDOT:PSS
PEDOT:PSS/NT blends were prepared in water at total concentrations of 0.5 g/mL (~1.5
% solid content in water) with varying weight/weight percentages of SWNTs bearing either
carboxylic acid functionalization (SWNT-COOH) or hydroxyl functionalization (SWNT-OH) in
10% DMSO as a dopant. The same procedure was followed as described in the previous
paragraph for the rest of experiment, except that iodine doping was not carried out.
Photo Crosslinked
In a typical thiol-ene cross-linking reaction mixture, a disubstituted alkene linker (7.5-10
mg), pentaerythritol tetra(3-mercaptopropionate) (PETMP) (different molar ratios ranging from 1
to

2 for

various

linkers),

a

catalytic

amount

of

photoinitiator

(2,2-dimethoxy-2-

phenylacetophenone) (DMPA), and varying weight/weight percentages of SWNTs or MWNTs
were thoroughly mixed in DCE (1.5 mL) by sonication for 2 h. The mixtures were cast onto the
PTFE sheet having incised sample troughs, and cured using a Pen-Ray Power Supply Model
SCT-4 (115 Volts, 60 Hz, 1.2 Amps) for 1.5 h in a custom-made closed box. Then, curing was
completed by placing the film-casting sheet in the oven for 2 h. The resulting films were then
removed and cut into rectangles of about 2.5 cm  0.5 cm  (25-50) μm.

8.4. General Synthetic Methods
8.4.1. Synthetic Procedures for Extended Viologens
1-Hexyl-4-methylpyridinium bromide:

4-Picoline (4 ml, 41.1 mmol) was heated at reflux in 15 ml of MeCN for 24 h. After
cooling, the reaction mixture was concentrated in vacuo. The crude product was redissolved in a
small amount of DCM and precipitated into 50 ml of Et2O. The resulting suspension was filtered,
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and the solid was air-dried to give 10.5 g (99%) of brown sticky product of sufficient quality for
use in subsequent synthetic steps. 1H NMR (CDCl3, δ, ppm) = 9.29 (d, 2H, J = 6.4 Hz), 7.86 (d,
2H, J = 5.6 Hz), 4.92 (t, 2H, J = 7.2 Hz), 2.67 (s, 3H), 2.04-1.94 (m, 2H), 1.40-1.22 (m, 6H), 0.85
(t, 3H, J = 6.8 Hz).

2,5-Dimethylterephthalaldehyde:

A solution of 33% HBr in AcOH (20 mL, 116 mmol) was added to a mixture of 37%
formalin (7 ml, 70 mmol) and p-xylene (5 ml, 39.23 mmol) in 50 ml of AcOH in a roundbottomed flask. The reaction mixture was then heated at 50°C for 16 h. After cooling, the
precipitate mixture was poured into H2O and filtered: the filter cake was thoroughly washed with
H2O and air-dried. The resulting solid material was recrystallized in 1:1 EtOH:CHCl3 to give 2 g
(17%) of 1,4-bis(bromomethyl)-2,5-dimethylbenzene as a solid of white needles. 1H NMR
(CDCl3, δ, ppm) = 7.13 (s, 2H), 4.46 (s, 4H), 2.36 (s, 6H).
A basic solution of sodium ethoxide was made by careful, portion wise addition of
sodium metal (81 mg, 3.53 mmol) to 7 mL of ethanol (CAUTION: FIRE HAZARD). 2Nitropropane (0.5 mL, 5.45 mmol) was added dropwise to the basic solution. The final solution
was then dropwise added into a suspension of 1,4-bis(bromomethyl)-2,5-dimethylbenzene (0.43
g, 1.47 mmol) in 7 mL of dry DMSO. The resulting suspension was stirred at room temperature
for 24 h, then poured into ice-water and the resulting solid collected by filtration. The solid was
washed with water and air-dried, giving 0.2 g (84%) of 2,5-dimethylterephthalaldehyde as a
yellow solid. 1H NMR (CDCl3, δ, ppm) = 10.33 (s, 2H), 7.69 (s, 2H), 2.70 (s, 6H).
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2,5-Dimethoxyterephthalaldehyde:

A solution of 33% HBr in AcOH (20 mL, 116 mmol) was added to a mixture of 37%
formalin (10 ml, 100 mmol) and 1,4-dimethoxybenzene (7.5 g, 54.3 mmol) in 60 mL of AcOH in
a round-bottomed flask. The reaction was then heated at 50 °C for 1 h. After, the mixture was
poured into H2O and the resulting solid collected by filtration, The resulting solid was washed
thoroughly with H2O and air-dried to give 7 g (40%) of

1,4-bis(bromomethyl)-2,5-

dimethoxybenzene as a white solid product. 1H NMR (CDCl3, δ, ppm) = 6.87 (s, 2H), 4.53 (s,
4H), 3.87 (s, 6H).
A suspension of 1,4-bis(bromomethyl)-2,5-dimethoxybenzene (5 gr, 15.4 mmol) and
hexamine (4.76 g, 34 mmol) in 30 ml of CHCl3 was heated at for 5 h. After cooling, the resulting
yellow solution was concentrated in vacuo. The resulting yellow solid was dissolved in 25 ml of
H2O and treated with 37% formalin (6.7 ml g, 67 mmol). The resulting mixture was heated at
reflux for 24 h, during which a yellow precipitate formed. The reaction was allowed to cool, then
the precipitate was collected by filtration and air dried, yielding 2.7 g (90%) of 2,5dimethoxyterephthalaldehyde as a yellow solid. 1H NMR (CDCl3, δ, ppm) = 10.50 (s, 2H), 7.46
(s, 2H), 3,95 (s, 6H).
2,3,5,6-Tetramethylterephthalaldehyde:
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A solution of 33% HBr in AcOH (15 mL, 87 mmol) was added to a mixture of 37%
formalin (8.2 ml, 82 mmol) and p-xylene (5 gr 37.3 mmol) in 20 ml of AcOH in a roundbottomed flask. The reaction mixture was heated at 50°C for 16 h. After cooling, the mixture was
poured into H2O, and the resulting solid collected by filtration, washed thoroughly with H2O, and
air-dried, yielding 10.6 g (89%) of 1,4-bis(bromomethyl)-2,3,5,6-tetramethylbenzene as a pale
white solid. 1H NMR (CDCl3, δ, ppm) = 4.60 (s, 4H), 2.34 (s, 12H).
The mixture of 1,4-bis(bromomethyl)-2,3,5,6-tetramethylbenzene (3.71 gr 11.6 mmol),
KOH (1.56 gr, 27.8 mmol) and 2-nitropropane (2.5 ml, 27.8 mmol) in 40 ml isopropanol was
stirred at room temperature for 2 days. The reaction mixture was then concentrated in vacuo and
poured into water. The resulting pale white precipitate was collected by filtration and air-dried,
yielding 2.2 g (99%) of product. 1H NMR (CDCl3, δ, ppm) = 10.65 (s, 2H), 2.42 (s, 12H).
Naphthalene-1,4-dicarbaldehyde:

The mixture of 1,4-dimethylnaphthalene (2 ml, 13 mmol), NBS (5.1 gr, 28.6 mmol) and
AIBN (0.2 gr, 1.2 mmol) in 40 mL of CCl4 was heated at reflux for 24 h, during which a
precipitate formed. After cooling, the precipitate was filtered and and washed with CCl4. The
combined

organic

filtrates

were

evaporated

in

vacuo

to

give

white

solid

1,4-

bis(bromomethyl)naphthalene (1 g, 25%). 1H NMR (CDCl3, δ, ppm) = 8.20 (d, 2H, J = 3.2 Hz),
8.16 (s, 2H), 7.78 (d, 2H, J = 3.2 Hz), 4.93 (s, 4H).
2-Nitropropane (0.25 ml, 2.75 mmol) was added to 1M sodium ethoxide in ethanol (2.75
mL, 2.75 mmol). The resulting solution was dropwise added into a suspension of 1,4bis(bromomethyl)naphthalene (0.36 gr 1.15 mmol) in 7 ml of dry DMSO. The final suspension
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was stirred at room temperature for 24 h, and then was poured into ice-water. The resulting
precipitate was collected by filtration, washed with water, and air-dried, giving 0.15 g (71%) of
naphthalene-1,4-dicarbaldehyde as a yellow solid. 1H NMR (CDCl3, δ, ppm) = 10.55 (s, 2H), 9.24
(q, 2H, J = 3.2 Hz), 7.48 (s, 2H).

Anthracene-9,10-dicarbaldehyde:

A basic solution of sodium ethoxide was made by careful, portionwise addition of sodium
metal (0.3 gr, 13.2 mmol) to 18 mL of ethanol (CAUTION: FIRE HAZARD). 2-Nitropropane
(1.84 ml, 20.5 mmol) was added to the basic solution. The final solution was dropwise added into
a suspension of 9,10-bis(bromomethyl)anthracene (2 g, 5.50 mmol) in 30 mL of dry DMSO. The
resulting suspension was stirred at room temperature for 24 h, and then poured into ice-water.
The resulting precipitate was collected by filtration, washed with water, and air-dried, giving 1.16
g (90%) of anthracene-9,10-dicarbaldehyde as an orange solid. 1H NMR (CDCl3, δ, ppm) = 11.50
(s, 2H), 8.75 (q, 4H, J = 3.2 Hz), 7.71 (q, 4H, J = 3.2 Hz).

4-(Bis(4-methoxyphenyl)amino)benzaldehyde:

N,N-Dianisylamine

was

synthesized

according to

a

reported

procedure.1

4-

Bromobenzaldehyde (1.21 g, 6.24 mmol), 1,1′-bis(diphenylphosphino)ferrocene (27 mg, 0.048
mmol), and tris(dibenzylideneacetone)dipalladium (30 mg, 0.033 mmol) were dissolved together
in dry toluene, and the mixture was purged with bubbled nitrogen gas for 15 min. To this
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solution, sodium-t-butoxide (0.59 g, 6.1 mmol) and N,N-dianisylamine (1 g, 4.36 mmol) were
added. The reaction mixture was heated at 90 °C for 24 h, and then allowed to cool. Water was
added, and the resulting mixture was extracted three times with Et2O. The combined organic
extracts were dried over Na2SO4, and evaporated in vacuo. The resulting crude solid product was
recrystallized from heptane to get rid of unreacted N,N-dianisylamine. The resulting product was
used in next step without further purification. 1H NMR (CDCl3, δ, ppm) = 9.74 (s, 1H), 7.61 (d,
2H, J = 8.8 Hz), 7.12 (d, J = 9.0 Hz, 4H), 6.87 (m, 6H), 3.80 (s, 6H).

3,4-Ethylenedioxythiophene-2-carbaldehyde:

To the solution of EDOT (5 mL, 0.35 mmol) in dry DMF (200 mL) cooled in an ice-bath,
POCl3 (33 mL, 0.36 mmol) was added dropwise. The resulting mixture was stirred overnight at
room temperature, then added to cold water and again stirred overnight. The resulting solid
aldehyde was filtered away and air-dried, giving the product as slightly tan crystals. Yield 42 g
(95%); 1H NMR (CDCl3, δ, ppm) = 9.91 (s, 1H), 6.80 (s, 1H), 4.37 (m, 2H), 4.28 (m, 2H).
1,4-Bis(diethoxyphosphonatomethyl)-2,5-bis(n-hexyloxy)benzene:

A mixture of 1,4-hydroquinone (5 g, 45.4 mmol), 1-bromohexane (19.1 g, 136.2 mmol),
and anhydrous K2CO3 (18.8 g, 136.2 mmol) in MeCN (100 mL) was heated at reflux for 16 h
under nitrogen atmosphere. While the reaction was still hot, undissolved solids were filtered
away, and the filtrate was concentrated under reduced pressure. The resulting solid residue was
dissolved in a minimu amount of warm DCM, then precipated into MeOH. The resulting bright
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white solid (8 g, 63.2%) was collected by filtration and dried under high vacuum to give 1,4bis(n-hexyloxy)benzene of sufficient purity for use in the next synthetic step.
To a suspension of 1,4-bis(n-hexyloxy)benzene (4 g, 14.4 mmol) and 37% formalin (6
mL, 57.2 mmol) in AcOH (70 mL) was added 33% HBr in AcOH (10 mL, 57.2 mmol): the
mixture was then heated to 80 °C for 16 h. After cooling to room temperature, this resulting
suspension was poured into water and the precipitate was collected by filtration; the solid was
washed

thoroughly

with

water,

then

air-dried

to

give

1,4-bis(bromomethyl)-2,5-

bis(hexyloxy)benzene as a pale yellow powder (5.6 g, 83.8%) of sufficient purity to use directly
in the next synthetic step.
A mixture of 1,4-bis(bromomethyl)-2,5-bis(hexyloxy)benzene (2 g, 4.3 mmol) and
triethyl phosphite (7.4 mL , 43 mmol) was heated at reflux for 12 h. The resulting solution was
cooled to room temperature and all volatiles were evaporated under high vacuum to give the final
product as a viscous brown oil (2.46 g, 99%). 1H NMR (CDCl3, δ, ppm) = 6.90 (s, 2H), 4.00 (m,
8H), 3.91 (t, 4H, J = 6 Hz), 3.91 (t, 4H, J = 6 Hz), 3.20 (d, 4H, J = 20 Hz), 1.74 (m, 4H), 1.43 (m,
4H), 1.32 (m, 8H), 1.22 (m, 12H), 0.89 (t, 6H, J = 10 Hz).

2,5-Bis(diethylphosphonomethyl)thiophene:

This procedure was adapted from the literature.2 1H NMR (CDCl3, δ, ppm) = 6.82 (s, 2H),
4.07 (m, 8H), 3.30 (d, 4H, J = 18.8 Hz), 1.29 (t, J = 7.3 Hz, 12H).
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General Procedure for Wittig-Horner Olefination
To the mixture of bisphosphonate ester (1 eq) and an appropriate aldehyde (2.2 eq) in
THF, solid KO-t-Bu was added slowly portionwise, and the resulting suspension heated at reflux
for 16 h under nitrogen atmosphere. After cooling to room temperature, the volatiles were
removed from the reaction mixture under high vacuum, and then the residual liquid was washed
with water and dried over anhydrous Na2SO4. Pure compound was obtained by either a column
chromatography on silica gel or recrystallization in an appropriate solvent(s).

E,E-1,4-Bis(1-4-(p-diethoxymethyl)styryl)-2,5-bis(n-hexyloxy)benzene:

Yellow oil, yield 75% starting from 1,4-bis(diethoxyphosphonatomethyl)-2,5-bis(nhexyloxy)benzene (1.5 g, 2.6 mmol), 4-(Diethoxymethyl)benzaldehyde (1.18 g, 5.7 mmol) and
KO-t-Bu (1.17 g, 10.4 mmol) in THF. 1H NMR (CDCl3, δ, ppm) = 7.52 (d, 4H, J = 8 Hz), 7.48
(d, 2H, J= 16.4 Hz), 7.45 (d, 4H, J= 8 Hz), 7.14 (d, 2H, J= 16.8 Hz), 7.12 (s, 2H), 5.52 (s, 2H),
4.05 (t, 4H, J = 6.4 Hz), 3.68-3.65 (m, 8H), 1.91-1.82 (m, 4H), 1.60-1.50 (m, 4H), 1.44-1.33 (m,
8H), 1.25 (t, 12H, J = 6.8 Hz), 0.92 (t, 6H, J = 6.8 Hz).
E,E-1,4-Bis(2-Thienylvinylene)-2,5-bis(n-hexyloxy)benzene:

Yellow solid by recrystallization from EtOH with yield 71% starting from 1,4bis(diethoxyphosphonatomethyl)-2,5-bis(n-hexyloxy)benzene

(1.5

g,

2.6

mmol),

4-

(Diethoxymethyl)benzaldehyde (0.58 g, 5.18 mmol) and KO-t-Bu (0.73 g, 6.48 mmol) in THF.
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H NMR (CDCl3, δ, ppm) = 7.30 (d, 2H, J= 16.4 Hz), 7.24 (s, 2H, J= 16.4 Hz), 7.18 (d, 2H, J=

1

5.2 Hz), 7.06 (d, 2H, J= 2.4 Hz), 7.03 (s, 2H), 7.0 (dd, 2H, J = 3.6, 1.6 Hz), 4.03 (t, 4H, J = 6.4
Hz), 1.91-1.82 (m, 4H), 1.6-1.5 (m, 4H), 1.43-1.35 (m, 8H), 0.93 (t, 6H J = 6.8 Hz).
5-((1E,21E)-4-((E)-2-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)vinyl)-2,5bis(hexyloxy)styryl)
-2,3-dihydrothieno[3,4-b][1,4]dioxine:

Yellow compound was obtained by recrystallization in hexane:heptane (1:1) with yield
68% starting from 1,4-bis(diethoxyphosphonatomethyl)-2,5-bis(n-hexyloxy)benzene (1 g, 1.7
mmol), 3,4-ethylenedioxythiophene-2-carbaldehyde (0.59 g, 3.4 mmol) and KO-t-Bu (0.58 g, 5.1
mmol) in THF. 1H NMR (CDCl3, δ, ppm) = 7.19 (d, 4H, J = 3.6 Hz), 7.0 (s, 2H), 6.20 (s, 2H),
4.29-4.21 (m, 8H), 4.0 (t, 4H, J = 6.4 Hz), 1.88-1.78 (m, 4H), 1.60-1.50 (m, 4H), 1.40-1.32 (m,
8H), 0.92 (t, 6H, J = 6.8 Hz).

E,E-2,5-Bis(N-methyl-2-pyrrolevinylene)thiophene:

Yellow solid, yield 61% starting from 2,5-bis(diethylphosphonomethyl)thiophene (0.5 g,
1.3 mmol), 1-methylpyrrole-2-carboxaldehyde (0.3 g, 2.6 mmol) and KO-t-Bu (0.44 g, 3.9 mmol)
in THF. 1H NMR (CDCl3, δ, ppm) = 7.04 (d, J = 15.6 Hz, 2H), 7.02 (d, J = 14 Hz, 2H), 6.78 (m,
4H), 6.48 (m, 2H), 6.08 (m, 2H), 4.05 (s, 6H).
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E,E-2,5-Bis(3,4-dioxyethylene-2-thiophenevinylene)thiophene:

Yellow-orange

solid

with

yield

68%

starting

from

2,5-

bis(diethylphosphonomethyl)thiophene (0.2 g, 0.52 mmol), 3,4-ethylenedioxythiophene-2carbaldehyde (0.18 g, 1.04 mmol) and KO-t-Bu (0.18 g, 1.56 mmol) in THF. 1H NMR (CDCl3, δ,
ppm) = 6.90 (d, 4H, J = 7.2 Hz), 6.84 (s, 2H), 6.21 (s, 2H), 4.30-4.20 (m, 8H).
General Procedure for Vilsmeier-Haack Reaction
To a solution of substrate (1 eq) in dry DMF at 0 °C, POCl3 (10 eq) was added dropwise.
The reaction mixture was stirred for 1 h at 0 °C, and then heated at 100 °C for 2 h. After cooling
to room temperature, the reaction mixture was poured into water. Any resulting precipitate was
collected by filtration and air-dried to yield the desired dialdehyde compound.

E,E-1,4-Bis(4-formylstyryl)-2,5-bis(n-hexyloxy)benzene:

Orange solid was synthesized starting from E,E-1,4-bis(1-4-(p-diethoxymethyl)styryl)2,5-bis(n-hexyloxy)benzene (0.5 g, 0.73 mmol) with 1M HCl in CHCl3 according to a previously
reported result.3 Yield 96%. 1H NMR (CDCl3, δ, ppm) = 10.0 (s, 2H), 7.87 (d, 4H, J = 7.2 Hz),
7.66 (d, 4H, J = 7.6 Hz), 7.63 (d, 2H, J = 16.4 Hz), 7.20 (d, 2H, J = 16.4 Hz), 7.14 (s, 2H), 4.08
(t, 4H, J = 6.4 Hz), 1.94-1.84 (m, 4H), 1.60-1.50 (m, 4H), 1.46-1.32 (m, 8H), 0.92 (t, 6H, J = 6.8
Hz).
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E,E-1,4-Bis(4-formyl-2-thiophenevinylene)-2,5-bis(n-hexyloxy)benzene:

Orange-red solid, yield 85% starting from E,E-1,4-bis(2-thienylvinylene)-2,5-bis(nhexyloxy)benzene with POCl3 (0.77 g, 5 mmol) in dry DMF. 1H NMR (CDCl3, δ, ppm) = 9.86 (s,
2H), 7.67 (d, 2H, J = 4.0 Hz), 7.48 (d, 2H, J = 16.4 Hz), 7.31 (d, 2H, J = 16.4 Hz), 7.16 (d, 2H, J
= 4.0 Hz), 7.04 (s, 2H), 4.06 (t, 4H, J = 6.4 Hz), 1.92-1.83 (m, 4H), 1.60-1.50 (m, 4H), 1.44-1.36
(m, 8H), 0.93 (t, 6H, J = 6.8 Hz).

E,E-1,4-Bis(5-formyl-3,4-ethylenedioxy-2-thiophenevinylene)-2,5-bis(n-hexyloxy)benzene:

Red solid, yield 95% starting from 5-((1E,21E)-4-((E)-2-(2,3-dihydrothieno[3,4b][1,4]dioxin-5-yl)vinyl)-2,5-bis(hexyloxy)styryl) -2,3-dihydrothieno[3,4-b][1,4]dioxine (0.2 g,
0.33 mmol) with POCl3 (0.49 g, 3.3 mmol) in dry DMF. 1H NMR (CDCl3, δ, ppm) = 9.89 (s, 2H),
7.43 (d, 2H, J = 16.4 Hz), 7.25 (d, 2H, J = 16.4 Hz), 7.01 (s, 2H), 4.42-4.33 (m, 8H), 4.03 (t, 4H,
J = 6.4 Hz), 1.90-1.81 (m, 4H), 1.58-1.48 (m, 4H), 1.42-1.34 (m, 8H), 0.93 (t, 6H, J = 6.8 Hz).

E,E-2,5-Bis(5-formyl-1-methyl-2-pyrrolevinylene)thiophene:

Red solid, yield 51% starting from E,E-2,5-bis(N-methyl-2-pyrrolevinylene)thiophene
(0.18 g, 0.61 mmol) with POCl3 (0.94 g, 6.1 mmol) in dry DMF. 1H NMR (CDCl3, δ, ppm) = 9.48
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(s, 2H), 7.17 (d, 2H, J = 16 Hz), 6.99 (s, 2H), 6.90 (d, 2H, J = 4.4 Hz), 6.76 (d, 2H, J = 16 Hz),
6.54 (d, 2H, J = 4.4 Hz), 4.03 (s, 6H).

E,E-2,5-Bis(5-formyl-3,4-ethylenedioxy-2-thiophenevinylene)thiophene:

Orange-red solid, yield = 80% starting from E,E-2,5-bis(3,4-dioxyethylene-2thiophenevinylene)thiophene (0.15 g, 0.36 mmol) with POCl3 (0.54 g, 3.6 mmol) in dry DMF. 1H
NMR (CDCl3, δ, ppm) = 9.89 (s, 2H), 7.19 (d, 2H, J = 15.6 Hz), 6.99 (s, 2H), 6.90 (d, 2H, J = 16
Hz), 4.43-4.34 (m, 8H).

General Procedure for the Synthesis of Extended Viologens
To the mixture of 1-N-hexyl-4-methylpyridinium bromide (2 eq) and an appropriate
dialdehyde (1 eq) in EtOH, a catalytic amount of piperidine is added and the resulting mixture
heated at reflux for 16 h. The final product is precipitated either directly from the reaction solvent
or by pouring into Et2O.
E,E-1,4-Bis(N-hexylpyridinium-4-vinylene)-2,5-dimethylbenzene dibromide:

Yellow solid product was obtained upon cooling the reaction solvent, yield 70% starting
from terephthalaldehyde (0.78 g, 3.87 mmol) and 1-hexyl-4-methylpyridinium bromide (1.5 g,
5.8 mmol) in ethanol. Mp >260 ºC; 1H NMR (CDCl3, δ, ppm) = 8.53 (d, 4H, J = 6.8 Hz), 7.96 (d,
4H, J = 6.8 Hz), 7.73 (d, 2H, J = 16 Hz), 7.70 (s, 4H) 7.32 (d, 2H, J = 16.4 Hz), 4.38 (t, 4H, J =
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7.2 Hz), 1.92-1.80 (m, 4H), 1.40-1.22 (m, 12H), 0.73 (t, 6H, J = 6.8 Hz). MS (ESI) found m/z =
454.40, calculated for C32H42N2 m/z = 454.33.
E,E-1,4-Bis(N-hexylpyridinium-4-vinylene)-2,5-dimethylbenzene dibromide:

Yellow solid product was obtained upon cooling the reaction solvent, yield 78% starting
from 2,5-dimethylterephthalaldehyde (0.2 g, 1.23 mmol) and 1-hexyl-4-methylpyridinium
bromide (0.53 g, 2.71 mmol) in ethanol. Mp >260 ºC; 1H NMR (DMSO-d6, δ, ppm) = 8.98 (d,
4H, J = 6.4 Hz), 8.34 (d, 4H, J = 6.4 Hz), 8.11 (d, 2H, J = 16 Hz), 7.76 (s, 2H), 7.51 (d, 2H, J =
16 Hz), 4.52 (t, 4H, J = 7.6 Hz), 2.52 (s, 6H), 1.95-1.85 (m, 4H), 1.33-1.24 (m, 12H), 0.85 (t, 6H,
J = 6.8). MS (ESI) found m/z = 482.40, calculated for C34H46N2 m/z = 482.36.
E,E-1,4-Bis(N-4-hexylpyridinium-4-vinylene)-2,5-dimethoxybenzene dibromide:

Red solid product was obtained upon cooling the reaction solvent, yield 94% starting
from 2,5-dimethoxyterephthalaldehyde (0.4 g, 2.06 mmol) and 1-hexyl-4-methylpyridinium
bromide (1.17 g, 4.53 mmol) in ethanol. Mp >260 ºC; 1H NMR (DMSO-d6, δ, ppm) = 8.93 (d,
4H, J = 6.4 Hz), 8.24 (d, 4H, J = 6.8 Hz), 8.07 (d, 2H, J = 16.4 Hz), 7.69 (d, 2H, J = 16.4 Hz),
7.50 (s, 2H), 4.49 (t, 4H, J = 7.6 Hz), 3.96 (s, 6H), 1.95-1.85 (m, 4H), 1.33-1.24 (m, 12H), 0.85 (t,
6H, J = 6.8 Hz). MS (ESI) found m/z = 514.40, calculated for C34H46N2O2 m/z = 514.36.
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E,E-1,4-Bis(N-hexylpyridinium-4-vinylene)-2,3,5,6-tetramethylbenzene dibromide:

Orange-yellow solid product was obtained by recrystallization in i-PrOH, yield 95%
starting from 2,3,5,6-tetramethylterephthalaldehyde (0.12 g, 0.63 mmol) and 1-hexyl-4methylpyridinium bromide (0.3 g, 1.26 mmol) in ethanol. Mp >260 ºC; 1H NMR (CDCl3, δ, ppm)
= 9.16 (d, 4H, J = 6.8 Hz), 8.13 (d, 4H, J = 6.8 Hz), 7.93 (d, 2H, J = 16.4 Hz ), 6.59 (d, 2H, J =
16.4 ), 4.75 (t, 4H, J = 7.2 Hz), 2.22 (s, 6H), 2.05-1.95 (m, 4H), 1.40-1.22 (m, 12H), 0.88 (t, 6H, J
= 6.8 Hz). MS (ESI) found m/z = 510.40, calculated for C36H50N2 m/z = 510.39.
E,E-1,4-bis(N-4-hexylpyridinium-4-vinylene)naphthalene dibromide:

Orange solid product was obtained upon cooling the reaction solvent, yield 71% starting
from Naphthalene-1,4-dicarbaldehyde (0.15 g, 0.81 mmol) and 1-hexyl-4-methylpyridinium
bromide (0.42 g, 1.62 mmol) in ethanol. Mp >260 ºC; 1H NMR (DMSO-d6, δ, ppm) = 9.02 (d,
4H, J = 6.8 Hz), 8.86 (d, 2H, J = 16 Hz), 8.68 (d, 2H, J = 3.2 Hz), 8.49 (d, 4H, J = 6.8 Hz), 8.21
(s, 2H), 7.76 (d, 2H, J = 3.2 Hz), 7.72 (d, 2H, J = 16 Hz), 4.53 (t, 4H, J = 7.2 Hz), 2.0-1.85 (m,
4H), 1.35-1.2 (m, 12H), 0.86 (t, 6H, J = 6.8 Hz). MS (ESI) found m/z = 504.40, calculated for
C36H46N2 m/z = 504.35.
E,E-9,10-Bis(N-4-hexylpyridinium-4-vinylene)anthracene dibromide:
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Red solid product was obtained upon cooling in reaction solvent, yield 75% starting from
anthracene-9,10-dicarbaldehyde (0.1 g, 0.43 mmol) and 1-hexyl-4-methylpyridinium bromide
(0.22 g, 0.85 mmol) in ethanol. Mp >260 ºC; 1H NMR (CDCl3, δ, ppm) = 9.10 (d, 4H, J = 6.0
Hz), 8.29 (d, 4H, J = 16.4 Hz), 8.26 (d, 4H, J = 6.4 Hz), 7.92 (dd, 4H, J1 = 3.2 Hz), 7.30 (dd, 4H,
J = 8.2 ), 6.66 (d, 2H, J = 16.4), 4.67 (t, 4H, J = 7.6 Hz), 2.05-1.95 (m, 4H), 1.40-1.22 (m, 12H),
0.88 (t, 6H, J = 6.8 Hz). MS (ESI) found m/z = 554.40, calculated for C40H46N2 m/z = 554.37.
E,E-1-hexyl-4-([p-phenylethenyl]-phenylethenyl)pyridinium bromide:

Orange-yellow solid product was obtained by recrystallization in i-PrOH, yield 89%
starting from 4-formyl-trans –stilbene (0.1 g, 0.48 mmol) and 1-hexyl-4-methylpyridinium
bromide (0.11 g, 0.44 mmol) in ethanol. Mp >260 ºC; 1H NMR (CDCl3, δ, ppm) = 9.12 (d, 2H, J
= 6.8 Hz), 8.02 (d, 2H, J = 6.8 Hz), 7.69 (d, 1H, J = 16 Hz), 7.62 (d, 2H, J = 8.4 Hz), 7.57 (d, 2H,
J = 8.4 Hz), 7.53 (d, 2H, J = 7.6 Hz), 7.38 (d, 2H, J = 7.6 ), 7.31 (d, 1H, J = 7.2), 7.21 (d, 2H, J =
16.4 Hz), 7.12 (d, 1H, J = 4 Hz), 4.79 (t, 4H, J = 7.2 Hz), 2.05-1.95 (m, 4H), 1.40-1.22 (m, 6H),
0.88 (t, 3H, J = 6.8 Hz). MS (ESI) found m/z = 368.20, calculated for C27H30N m/z = 368.24.
E-1-hexyl-4-(1’-pyrenylvinylene)pyridinium bromide:

Orange-red solid product was obtained upon cooling in the reaction solvent and further
recrystallization in i-PrOH, yield 91% starting from 1-pyrenecarboxaldehyde (0.1 g, 0.43 mmol)
and 1-hexyl-4-methylpyridinium bromide (0.1 g, 0.39 mmol) in ethanol. Mp 245 ºC; 1H NMR
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(CDCl3, δ, ppm) = 9.13 (d, 2H, J = 6.4 Hz), 8.78 (d, 1H, J = 16 Hz), 8.51 (d, 1H, J = 9.6 Hz),
8.33 (d, 1H, J = 8.4 Hz), 8.24 (d, 2H, J = 8.8 Hz), 8.22-8.00 (m, 7H) 7.37 (d, 1H, J = 15.6 ), 4.76
(t, 4H, J = 7.6 Hz), 2.05-1.95 (m, 4H), 1.40-1.22 (m, 6H), 0.88 (t, 3H, J = 6.8 Hz). MS (ESI)
found m/z = 390.20, calculated for C29H28N m/z = 390.22.
E-1-hexyl-4-(3',4'-ethylenedioxythiophene-2'-vinylene)pyridinium bromide:

Brown-orange solid compound was obtained by precipitation in Et2O, yield 82% starting
from

3,4-ethylenedioxythiophene-2-carbaldehyde

(0.1

g,

0.53

mmol)

and

1-hexyl-4-

methylpyridinium bromide (0.14 g, 0.58 mmol) in ethanol. Mp 175 ºC (decomposed); 1H NMR
(CDCl3, δ, ppm) = 9.04 (d, 2H, J = 6.8 Hz), 7.82 (d, 2H, J = 6.8 Hz), 7.66 (d, 1H, J = 15.6 Hz),
6.83 (d, 1H, J = 15.6 Hz), 6.58 (s, 1H), 4.75 (t, 4H, J = 7.2 Hz), 4.39-4.37 (m, 2H), 4.28-4.26 (m,
2H), 2.05-1.95 (m, 4H), 1.40-1.22 (m, 6H), 0.88 (t, 3H, J = 6.8 Hz). MS (ESI) found m/z =
330.10, calculated for C19H24NO2S m/z = 330.15.
E-2-(1-hexylpyridium-4-vinylene)-1-methyl-1H-pyrrole bromide:

Evaporation of the reaction solvent and piperidine leads to reddish-brownish solid
compound, yield 80% starting from 1-methylpyrrole-2-carboxaldehyde (0.14 g, 1.32 mmol) and
1-hexyl-4-methylpyridinium bromide (0.31 g, 1.2 mmol) in ethanol. Mp 260 ºC; 1H NMR
(CDCl3, δ, ppm) = 8.81 (d, 2H, J = 6.8 Hz), 8.01 (d, 2H, J = 6.8 Hz), 7.78 (d, 1H, J = 15.6 Hz),
6.84 (d, 2H, J = 3.6 Hz), 6.76 (d, 1H, J = 15.6 Hz), 6.24 (dd, 1H, J = 2.8 Hz), 4.60 (t, 4H, J = 7.2
Hz), 3.86 (s, 3H), 2.05-1.95 (m, 4H), 1.40-1.22 (m, 6H), 0.88 (t, 3H, J = 6.8 Hz). MS (ESI) found
m/z = 269.20, calculated for C18H25N2 m/z = 269.20.
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E-1-hexyl-4-(3',4',5'-trimethoxy-α-styrenyl)pyridinium bromide:

Sticky brownish-reddish solid compound was obtained by precipitation in Et2O, yield
86% starting from 3,4,5-trimethoxybenzaldehyde (0.2 g, 1.04 mmol) and 1-hexyl-4methylpyridinium bromide (0.27 g, 1.04 mmol) in ethanol. Mp 250 ºC; 1H NMR (CDCl3, δ, ppm)
= 8.99 (d, 2H, J = 6.8 Hz), 8.10 (d, 2H, J = 6.8 Hz), 7.72 (d, 1H, J = 16 Hz), 7.22 (d, 1H, J = 16
Hz), 6.95 (s, 2H), 4.72 (t, 4H, J = 7.2 Hz), 3.94 (s, 9H), 2.02-1.92 (m, 4H), 1.40-1.22 (m, 6H),
0.86 (t, 3H, J = 6.8 Hz). MS (ESI) found m/z = 356.20, calculated for C22H30NO3 m/z = 356.22.
E-1-hexyl-4-(p-[N,N-dimethylamino]-α-styrenyl)pyridinium bromide:

Red solid product was obtained by precipitation in THF followed by recrystallization in iPrOH, yield 89% starting from 4-(dimethylamino)benzaldehyde (0.25 g, 1.27 mmol) and 1-hexyl4-methylpyridinium bromide (0.54 g, 2.1 mmol) in ethanol. Mp 165 ºC (decomposed); 1H NMR
(CDCl3, δ, ppm) = 8.91 (d, 2H, J = 6.8 Hz), 7.84 (d, 2H, J = 6.8 Hz), 7.61 (d, 1H, J = 16 Hz),
7.52 (d, 2H, J = 9.2 Hz), 6.85 (d, 1H, J = 16 Hz), 6.69 (d, 2H, J = 8.8 Hz), 4.67 (t, 4H, J = 7.2
Hz), 3.06 (s, 6H), 2.05-1.95 (m, 4H), 1.40-1.22 (m, 6H), 0.88 (t, 3H, J = 6.8 Hz). MS (ESI) found
m/z = 309.20, calculated for C21H29N2 m/z = 309.23.
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E-1-hexyl-4-(p-[dianisylamino]-α-styrenyl)pyridinium bromide:

Red solid product was obtained by precipitation in Et2O, yield 69% starting from 4(bis(4-methoxyphenyl)amino)benzaldehyde (0.1 g, 0.33 mmol) and 1-hexyl-4-methylpyridinium
bromide (0.08 g, 0.32 mmol) in ethanol. Mp >260 ºC; 1H NMR (acetone-d12, δ, ppm) = 9.20 (br s,
2H), 8.25 (br s, 2H), 7.60 (d, 1H, J = 7.2 Hz), 7.33 (d, 1H, J = 16 Hz), 7.21 (d, 1H, J = 7.2 Hz ),
7.18-7.13 (m, 4H), 7.01-6.94 (m, 6H), 6.80 (d, 1H, J = 8 Hz), 4.75 (br s, 2H), 3.81 (s, 6H), 1.921.84 (m, 2H), 1.46-1.38 (m, 6H), 0.85 (t, 3H, J = 6.8 Hz). MS (ESI) found m/z = 493.30,
calculated for C33H37N2O2 m/z = 493.29.
1,4-Bis(hexyloxy)-2,6-bis(4’-(1-hexylpyridinium-4-vinylene)-1’-phenylenevinylene)benzene
dibromide:

Red solid product, yield 78% starting from E,E-1,4-bis(4-formylstyryl)-2,5-bis(nhexyloxy)benzene (0.1 g, 0.18 mmol) and 1-hexyl-4-methylpyridinium bromide (0.1 g, 0.36
mmol) in ethanol. Mp >260 ºC; 1H-NMR (DMSO-d6, δ, ppm): 8.93 (d, 4H, J= 6.8 Hz), 8.22 (d,
4H, J= 6.8 Hz), 8.02 (d, 2H, J= 16 Hz), 7.76 (d, 4H, J= 8.4 Hz), 7.65 (d, 4H, J= 8.4 Hz), 7.53 (d,
2H, J= 16.4 Hz), 7.52 (d, 2H, J= 16 Hz), 7.43 (d, 2H, J= 16.4 Hz), 7.35 (s, 2H), 4.48 (t, 4H), 4.10
(t, 4H, J = 6.4 Hz), 1.94-1.86 (m, 4H), 1.86-1.77 (m, 4H), 1.57-1.47 (m, 4H), 1.42-1.32 (m, 8H),
1.28 (br s, 12H), 1.07 (t, 6H), 0.89 (t, 6H J = 6.8 Hz). MS (FAB) found m/z = 858.60, calculated
for C60H78N2O2 m/z = 858.61.
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1,4-Bis(hexyloxy)-2,6-bis(5’-(1-hexylpyridinium-4-vinylene)-2’-thiophenevinylene)benzene
dibromide:

Black solid product, yield 85% starting from E,E-1,4-bis(4-formyl-2-thiophenevinylene)2,5-bis(n-hexyloxy)benzene (0.1 g, 0.18 mmol) and 1-hexyl-4-methylpyridinium bromide (0.1 g,
0.36 mmol) in ethanol. Mp >260 ºC; 1H-NMR (400 MHz, MeOD): 8.68 (d, 4H, J= 6.8 Hz), 8.097.98 (m, 6H), 7.40 (d, 2H, J= 16.4 Hz), 7.39 (s, 2H), 7.29 (d, 2H, J = 16.4 Hz), 7.12 (d, 4H, J = 4
Hz), 6.96 (d, 2H, J= 15.6 Hz), 4.44 (t, 4H, J = 6.4 Hz), 3.14 (t, 4H, J = 6.8 Hz), 2.05-1.92 (m,
4H), 1.92-1.82 (m, 4H), 1.50-1.20 (m, 24H), 1.0-0.70 (m, 12H). MS (FAB) found m/z = 870.60,
calculated for C56H74N2O2S2 m/z = 870.52.
1,4-Bis(hexyloxy)-2,6-bis(5’-(1-hexylpyridinium-4-vinylene)-3’,4’-ethylenedioxy-2’thiophenevinylene)benzene dibromide:

Purple-black solid product, yield 83% starting from E,E-1,4-bis(5-formyl-3,4ethylenedioxy-2-thiophenevinylene)-2,5-bis(n-hexyloxy)benzene (0.12 g, 0.18 mmol) and 1hexyl-4-methylpyridinium bromide (0.1 g, 0.36 mmol) in ethanol. Mp >260 ºC; 1H-NMR (400
MHz, CDCl3): 8.98 (d, 4H, J= 6.4 Hz), 7.66 (d, 4H, J= 6.8 Hz), 7.49 (d, 2H, J= 15.6 Hz), 7.02 (d,
4H, J= 5.6 Hz), 6.99 (s, 2H), 6.45 (d, 2H, J= 15.6 Hz), 4.59 (t, 4H J = 6.4 Hz), 4.46-4.33 (m, 8H),
3.96 (t, 4H, J = 6.4 Hz), 1.95-1.85 (m, 8H), 1.47-1.41 (m, 8H), 1.37-1.25 (m, 16H), 0.98 (t, 6H, J
= 6.8 Hz), 0.86 (t, 6H J = 6.8 Hz). MS (FAB) found m/z = 986.57, calculated for C60H78N2O6S2
m/z = 986.53.
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2,5-Bis(5’-(1-hexylpyridinium-4-vinylene)-1’-methyl-2’-pyrrolevinylene)thiophene
dibromide:

Black solid product, yield 75% starting from E,E-2,5-bis(5-formyl-1-methyl-2pyrrolevinylene)thiophene (0.15 g, 0.43 mmol) and 1-hexyl-4-methylpyridinium bromide (0.22 g,
0.86 mmol) in ethanol. Mp >260 ºC; 1H-NMR (400 MHz , CH3CN-d3): 8.29 (d, 4H, J= 6.8 Hz),
7.83 (d, 4H, J= 7.2 Hz), 7.73 (d, 2H, J= 15.6 Hz), 7.27 (d, 2H, J= 16 Hz), 7.11 (s, 2H), 7.02 (s,
2H), 6.99 (d, 2H, J= 6.4 Hz), 6.92 (d, 2H, J= 16 Hz), 6.75 (d, 2H, J= 4.8 Hz), 4.28 (t, 4H J = 6.4
Hz), 3.79 (s, 6H), 1.83-1.78 (m, 4H), 1.37-1.25 (m, 12H), 0.90 (t, 6H J = 6.8 Hz). MS (FAB)
found m/z = 670.49, calculated for C44H54N4S m/z = 670.41.
2,5-Bis(5’-(1-hexylpyridinium-4-vinylene)-2’-thiophenevinylene)thiophene dibromide:

Black solid product, yield 80% starting from E,E-2,5-bis(5-formyl-3,4-ethylenedioxy-2thiophenevinylene)thiophene (0.1 g, 0.21 mmol) and 1-hexyl-4-methylpyridinium bromide (0.11
g, 0.42 mmol) in ethanol. Mp >260 ºC; 1H-NMR (400 MHz, CDCl3): 8.83 (d, 4H, J = 6.4 Hz),
7.71 (d, 4H, J= 6.8 Hz), 7.48 (d, 2H, J = 15.6 Hz), 6.86 (d, 2H, J = 16 Hz), 6.83 (s, 2H), 6.69 (d,
2H, J = 15.6 Hz), 6.50 (d, 2H, J = 15.2 Hz), 4.48 (t, 4H J = 6.4 Hz), 4.45-4.32 (m, 8H), 1.83-1.78
(m, 4H), 1.37-1.25 (m, 12H), 0.86 (t, 6H, J = 6.8 Hz). MS (FAB) found m/z = 792.20, calculated
for C46H52N2O4S3 m/z = 792.31.
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8.4.2. Synthesis of Photo Crosslinkable Molecules for Thermoelectric Studies
4-Vinylphenylacetonitrile:

To anhydrous MeCN (20 mL) were added 18-crown-6 (150 mg, 0.57 mmol), 4vinylbenzyl chloride (2.17 g, 14.2 mmol) and powdered KCN (4.62 g, 71 mmol). The reaction
mixture was stirred at 65 °C for 16 h and then concentrated in vacuo. The residue was diluted
with water (100 mL) and extracted with Et2O (100 mL). The combined organic layers were
sequentially washed with water (50 mL) and brine (50 mL), dried over anhydrous Na2SO4,
filtered, and concentrated in vacuo. The crude product was purified by silica gel chromatography
(10% EtOAc/hexane) to give product as a yellow liquid (2 g, 90%). 1H NMR (CDCl3, δ, ppm):
7.41 (d, 2H, J =8.4 Hz), 7.28 (d, 2H, J = 8.4 Hz), 6.70 (1H, dd, J = 17.2, 7.2 Hz), 5.76 (d, 1H, J =
17.6 Hz), 5.29 (d, 1H, J = 7.2 Hz), 3.74 (s, 2H).

General Procedure for the Synthesis of Cyanovinylene Monomers
To the mixture of a bis-aldehyde (1 mol equ and 4-vinylphenylacetonitrile (2.1 mol eq) in
EtOH, KO-t-Bu (2.5 mol eq) was added slowly. The suspension was heated at reflux for 16 h, and
then allowed to cool to room temperature. The resulting precipitate was filtered and washed with
EtOH, then air-dried to give the final product.

1,4-Bis(4’-vinyl-1’--cyanostyryl)-2,6-dimethoxybenzene:

Orange solid, yield 90%, starting from 2,5-dimethoxyterephthalaldehyde (0.11 g, 0.56
mmol) and 4-vinylphenylacetonitrile (0.17 g, 1.19 mmol) with KO-t-Bu (0.14 g, 1.2 mmol) in
ethanol. 1H NMR (CDCl3, δ, ppm): 7.88 (s, 2H), 7.73 (s, 2H), 7.66 (d, 4H, J=8.4 Hz), 7.50 (d,
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4H, J=8.4 Hz), 6.76 (dd, 2H, J=17.6, 6.8 Hz), 5.84 (d, 2H, J=17.6 Hz), 5.35 (d, 2H, J=10.8 Hz),
2.44 (s, 6H).

1,4-Bis(4’-vinyl-1’--cyanostyryl)-2,3,5,6-tetrmethylbenzene:

Yellowish solid, yield 95%, starting from 2,3,5,6-tetramethylterephthalaldehyde (0.1 g,
0.54 mmol) and 4-vinylphenylacetonitrile (0.16 g, 1.14 mmol) with KO-t-Bu (0.15 g, 1.35 mmol)
in ethanol. 1H NMR (CDCl3, δ, ppm): 7.78 (s, 2H), 7.69 (d, 4H, J = 8.4 Hz), 7.51 (d, 4H, J = 8.4
Hz), 6.76 (dd, 2H, J = 17.6, 6.8 Hz), 5.84 (d, 2H, J = 17.6 Hz), 5.35 (d, 2H, J = 10.8 Hz), 2.26 (s,
12H).

2,5-Bis(4’-vinyl-1’--cyanostyryl)thiophene:

Red solid, yield 92%, starting from 2,5-thiophenedicarboxaldehyde (0.09 g, 0.61 mmol)
and 4-vinylphenylacetonitrile (0.18 g, 1.27 mmol) with KO-t-Bu (0.17 g, 1.52 mmol) in
ethanol.1H NMR (CDCl3, δ, ppm): 7.82 (s, 2H), 7.64 (d, 4H, J = 8.4 Hz), 7.63 (s, 2H), 7.48 (d,
4H, J = 8.4 Hz), 6.74 (dd, 2H, J=17.6, 6.8 Hz), 5.84 (d, 2H, J = 17.6 Hz), 5.35 (d, 2H, J = 11.2
Hz).

1,4-Bis(4-vinylbenzyloxy)benzene:

To a suspension of 1,4-hydroquinone (0.150 g, 1.36 mmol) in anhydrous DMF (8 mL)
was added NaH (60% in mineral oil, 0.202 g, 5.04 mmol). The mixture was stirred for 30 min,
then 4-vinylbenzyl chloride (0.43 g, 2.86 mmol) was added. The reaction mixture was stirred
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overnight at room temperature and then concentrated in vacuo. The residue was diluted with
water (25 mL) and extracted with CHCl3 (25 mL). The organic layer was sequentially washed
with water (25 mL) and brine (25 mL), dried over anhydrous Na2SO4, filtered and concentrated in
vacuo. The crude product was isolated as of a beige solid (87%) that was pure enough for use in
the next synthetic step. 1H NMR (CDCl3, δ, ppm): 7.40 (d, 4H, J = 8.4 Hz), 7.36 (d, 4H, J = 8.4
Hz), 6.88 (s, 4H), 6.70 (dd, 2H, J = 17.6, 6.8 Hz), 5.74 (d, 2H, J = 18 Hz), 5.24 (d, 2H, J = 11.2
Hz), 4.99 (s, 4H).

1,2-Bis(4-vinylbenzyloxy)ethane:

To a suspension of ethylene glycol (0.103 g, 1.66 mmol) in anhydrous DMF (8 mL) was
added NaH (60% in mineral oil, 0.266 g, 6.64 mmol). The mixture was stirred for 30 min, then 4vinylbenzyl chloride (0.53 g, 3.48 mmol) was added. The reaction mixture was stirred overnight
at room temperature and then concentrated in vacuo. The residue was diluted with water (25 mL)
and extracted with CHCl3 (25 mL). The organic layer was sequentially washed with water (25
mL), brine (25 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude
product was isolated as of a yellow oil (90%) was pure enough for the next synthetic step. 1H
NMR (CDCl3, δ, ppm): 7.37 (d, 4H, J = 8 Hz), 7.29 (d, 4H, J = 8 Hz), 6.70 (dd, 2H, J = 17.6, 6.8
Hz), 5.73 (d, 2H, J = 17.6 Hz), 5.23 (d, 2H, J = 10.8 Hz), 4.56 (s, 4H), 3.64 (s, 4H).
,-Bis(4-vvinylbenzyloxy)-end-capped PEG400:

To a suspension of PEG400 (1.35 g, 3.37 mmol) in anhydrous DMF (20 mL) was added
NaH (60% in mineral oil, 0.54 g, 13.5 mmol). The mixture was stirred for 30 min, then 4189

vinylbenzyl chloride (1.14 g, 7.4 mmol) was added and the reaction was stirred overnight at room
temperature and then concentrated in vacuo. The residue was diluted with water (50 mL) and
extracted with CHCl3 (50 mL). The organic layer was sequentially washed with water (50 mL)
and brine (50 mL), then dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The
crude product was yellow oil (89%) was pure enough for use in the next synthetic step. 1H NMR
(CDCl3, δ, ppm): 7.36 (d, 4H, J = 8.4 Hz), 7.28 (d, 4H, J = 8.4 Hz), 6.68 (dd, 2H, J = 17.6, 6.8
Hz), 5.72 (d, 2H, J = 17.6 Hz), 5.21 (d, 2H, J = 11.2 Hz), 4.53 (s, 4H), 3.62 (d, 18H, J = 8.4 Hz).
,-Bis(4-vvinylbenzyloxy)-end-capped PEG4000:

To a suspension of PEG4000 (0.5 g, 1.25 x 10-4 mmol) in anhydrous DMF (8 mL) was
added NaH (60% in mineral oil, 20 mg, 0.5 mmol). The mixture was stirred for 30 min, then 4vinylbenzyl chloride (0.05 g, 0.35 mmol) was added, and the reaction was stirred overnight at
room temperature and then concentrated in vacuo. The residue was dissolved in 3 mL CHCl 3 and
precipitated in Et2O (20 mL). The resulting white precipitate was collected by filtration and airdried to give 85% of product. 1H NMR (CDCl3, δ, ppm): 7.36 (d, 4H, J = 8.4 Hz), 7.28 (d, 4H, J
= 8.4 Hz), 6.68 (dd, 2H, J = 17.6, 6.8 Hz), 5.72 (d, 2H, J = 17.6 Hz), 5.21 (d, 2H, J = 11.2 Hz),
4.53 (s, 4H), 3.80-3.40 (br s, theoretically180H).
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Styrene Functionalized Branched Polyethyleneimine:

To a suspension of b-PEI (0.215 g, Mw ~25,000) in CHCl3 (10 mL), 4-vinylbenzyl
chloride (0.14 g, 0.9 mmol) was added dropwise. The resulting reaction mixture was stirred for 2
days at room temperature and then concentrated in vacuo. The residue was precipitated into Et2O
(25 mL). The resulting yellow product (93%) was filtered and dried in vacuo. 1H NMR (CDCl3, δ,
ppm): 7.42-7.25 (br s), 6.72-6.48 (br, s), 5.78-5.62 (br, s), 5.24-5.14 (br, s), 3.8-2.2 (br, s).
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